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Summary  
 
Optically active nanomaterials have attracted a great deal of interest due to their 
unique absorption and emission properties. These properties, being useful in many 
applications, are in principle tunable by changing the size, shape or composition of 
the nanomaterials. The ability to understand and to fabricate such nanomaterials in a 
controllable manner is hence important and challenging. In this thesis, I report the 
synthesis and study of several nanomaterials of this kind.  
 
In Chapter 3, a synthesis methodology for a particularly important luminescent 
nanomaterial, ZnS, was developed. By changing the reaction rates and monomer 
concentration, the resultant ZnS nanoparticles could have rod- or spherical-shapes, 
with crystal structures tunable from hexagonal wurtzite to cubic sphalerite. 
Differences in reaction rates and monomer concentrations were found to account for 
the above variations. Optical study of these nanoparticles revealed that all samples 
had a blue-shifted bandgap compared to the bulk ZnS due to quantum confinement 
effect. Bandgap emission dominated in all the samples while a low intensity defect 
emission was also present. 
 
Doping ZnS nanocrystals with Mn2+ ions makes them emit at ~ 590 nm, however, the 
nature of this emission is not yet fully understood. In Chapter 4, I synthesized and 
Summary 
                                                                                           ix 
studied Mn2+-doped ZnS (denoted as ZnS:Mn) nanoparticles in the shape of both rods 
and spheres, and also a ZnS:Mn/ZnS core/shell structure. The effect of doping 
concentration on the morphology, structure and optical properties was investigated. 
Decay lifetime of the Mn2+ emission was determined using a steak camera. Detailed 
structural characterization and surface chemical analysis were also carried out to 
examine the formation of the core/shell nanoparticles prepared. Optical studies 
revealed an enhancement of dopant emission as well as a change in the decay lifetime 
component contributions, suggesting better inclusion of the dopant ions into the 
lattices. 
 
Chapter 5 presents the study of water-soluble CdS nanocrystals formed in a refluxing 
method developed in our laboratory. In this system, a distinct second absorption peak 
appears after hours of refluxing at high capping agent concentration. This second peak 
occurs at a wavelength that corresponds to particle size almost twice of that arising 
from the first absorption peak. Combination of two nanoparticles or “size-doubling” 
phenomenon was therefore proposed. In this chapter, I provided evidence to support 
our hypothesis using particle size measurements and growth kinetics calculations. The 
excited state dynamics of these two-sized particles were also investigated. 
Time-resolved PL measurement suggested that the larger CdS nanocrystals have 
shorter excited state lifetimes as compared to their smaller counterparts. 
 
Summary 
                                                                                           x 
Chapter 6 reports the synthesis and X-ray absorption fine structure (XAFS) study of 
Co- and Mn-doped ZnO nanoparticles. By studying the dopant-specific structural 
information provided by XAFS, i.e. bond lengths and approximate coordination 
numbers of the dopants, I have found that although Co and Mn often have similar 
properties as transition metals, their behaviors in doping into ZnO nanoparticles vary 
greatly. While Co2+ was substitutionally incorporated into the ZnO crystal lattice, Mn 
ions underwent oxidation during doping process. 
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Chapter 1  Introduction 
 
Over the past two decades, nanomaterials have been a topic of both scientific and 
technological interest. Due to their reduced dimension and increased surface area, 
these materials possess new physical and chemical properties distinctively different 
from their bulk counterparts. For example, crystals in the nanometer scale have a 
lower melting point compared to the bulk crystals, due to the large fraction of the 
surface atoms or ions which plays a significant role in the thermal stability. In 
semiconductor nanomaterials, the absorption edge blue-shifted from the bulk bandgap 
when the dimension of the material is comparable or smaller than the Bohr radius of 
bulk exciton. In noble metal particles, as their particle size are reduced to tens of 
nanometers, a strong absorption known as surface plasmon absorption arises from the 
collective oscillation of electrons in their conduction band. In transition metal 
nanoparticles, the increase in the surface-to-volume ratio sometimes makes them 
useful as catalyst with high surface reactivity and selectivity. In metal nanowires, a 
reduced electrical conductivity is observed as a result of increased electronic energy 
level spacing. In addition to that, ferromagnetism of bulk materials will be 
transformed to superparamagnetism in the nanometer scale since the large surface 
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Among many important physical properties, optical properties of nanomaterials have 
always been given special attention. The unique absorption and emission properties of 
nanomaterials result from their discrete electronic energy levels and make these 
nanomaterials useful in applications such as display devices2,3, light emitting diodes4,5, 
photocatalyst6-8, solar cells9-11 and biological labels12-15. However, such usefulness 
relies strongly on the ability that one can control or tune the properties of these 
materials. Three parameters are commonly modified to tailor the optical properties of 
nanomaterials, i.e. the size, shape and composition. 
 
1.1  Nanomaterials with different sizes 
 
1.1.1 Size-dependent optical properties 
 
It is well known that the optical properties of nanomaterials vary with their sizes. For 
semiconductors, one of the classic examples is the gradual blue-shift in the absorption 
edge of CdSe nanocrystals as their size decreases.16,17 The correlation between the 
blue-shift and the particle size can be qualitatively understood as a particle-in-a-box 
problem, where the energy level spacing increases as the box dimension is reduced 
due to quantum confinement. Quantitatively, it can be explained using simple 
effective mass theory which assumes parabolic conduction and valence bands with 
bulk effective masses for the electron and hole.18,19 Each carrier can then be treated as 
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particle in a sphere bound at the nanoparticle surface by an infinite potential.19 
 
In metals, on the other hand, the decrease in size below the electron mean free path 
gives rise to vivid colors in the UV-visible region. Such colors originate from the 
strong surface plasmon absorption of the metal nanoparticles, which occurs when the 
frequency of the electromagnetic field becomes resonant with the coherent electron 
motion.20 The frequency and width of the surface plasmon absorption depends on the 
size and shape of the metal nanoparticles, as well as on the dielectric constant of the 
metal and the surrounding medium. With increasing particle size, the plasmon 
absorption band shifts to the red and has larger bandwidth.21 Such size-dependence 
can be explained by the Mie’s theory, which solves Maxwell’s equation and accounts 
for the scattering of electromagnetic radiation by any homogeneous and nonmagnetic 
spherical particle.22 
 
Surface is another size-related factor that greatly affects the optical properties of 
nanomaterials. Surface characteristics are affected by particle size since the 
surface-to-volume ratio increases as the size decreases. For a spherical particle, the 
surface-to-volume ratio is inversely proportional to its radius. Considering the 
smallest full-shell cluster consists of thirteen atoms, the surface atom ratio can be as 
high as 92.3%.20 Such a large surface plays an important role in the fundamental 
properties of nanoparticles. Atoms on the surface have fewer adjacent coordinated 
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atoms or more dangling bonds. These imperfections on the particle surface induce 
additional electronic states in the bandgap which act as electron or hole traps. Such 
traps can cause a decrease in the observed transition energy and a red-shifted emission 
band. As the size of the materials decreases, the surface effects become more 
significant.  
 
1.1.2 Size-controlled preparation of nanomaterials 
 
In order to control the size and size-distribution of colloidal nanomaterials, one must 
understand the nucleation and growth process of particles (Figure 1.1). Classic studies 
by LaMer & Dinegar show that the production of monodisperse colloids requires a 
fast nucleation followed by slower controlled growth of the existing nuclei.23 In the 
nucleation stage, fast nucleation can be achieved by using rapid injection of 
precursors into a vigorously stirred flask containing a hot coordinating solvent. Large 
amount of tiny seeds (i.e. monomers) are formed spontaneously as a result of the fast 
reaction at high temperature. As the reaction proceeds, the monomer concentration 
increases and rises above the supersaturation concentration, eventually reaching a 
critical concentration at which nucleation occurs and many nuclei form in a short 
burst. The supersaturation is then relieved, and as long as the monomer concentration 
stays lower than the supersaturation concentration, no further nucleation takes place. 
The reaction then enters the growth stage. 
Chapter 1 




Figure 1.1 Cartoon illustration of nucleation and growth during the preparation of 
nanoparticles.23 
 
During the growth stage, the particles continue to grow by molecular addition. 
Size-focusing can occur when the nanocrystals present in the solution are all slightly 
larger than the critical size (i.e. the particle size at which atomic attachment and 
detachment are at equilibrium). Smaller particles grow faster than the larger ones. 
Desired size and narrow size distribution can be achieved by stopping the reaction at 
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suitable time during the size-focusing process. On the other hand, Ostwald ripening or 
size-defocusing can also occur when the monomer concentration is depleted due to 
growth and the critical size becomes larger than the average size present. In this stage, 
larger particles continue to grow at the consumption of the smaller ones. As a result, 
the average nanoparticle size increases over time, accompanied by an undesirable 
broad size distribution.19,20,24 In such a case, size-refocusing can be achieved by 
injection of additional monomer at the growth temperature, which shifts the critical 
size back to a small value. By doing this, the narrow size distribution of the 
nanoparticles can be resumed.24 
 
Nanoparticles can also grow by aggregation with other particles. In order to control 
such a secondary growth, suitable surface protecting reagents must be used, e.g. 
organic ligands, inorganic capping materials, inorganic matrix or polymers.20 The 
surface protecting reagents can provide a steric barrier to counteract the van der Waals 
or magnetic attractions between nanoparticles, so as to prevent nanoparticle 
aggregation. They can also affect the reactivity and stability of the seeds as well as the 
nanoparticles produced.24 
   
1.2  Nanomaterials with varied shapes 
 
1.2.1 Shape-dependent optical properties 
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Besides size-dependence, the optical properties of nanomaterials are also dependent 
on their shapes. Novel optical properties can result from the anisotropy in quantum 
confinement potentials if the shape of the nanomaterials varied from spheres to plates, 
prisms, ellipsoids, rods, wires, or tetrapods. 
 
One well-known example is the split of the plasmon resonance absorption band of 
gold nanorods. Gold nanorods exhibit two surface plasmon resonance absorption 
peaks, with the wavelength of transverse mode located at 520 nm and the wavelength 
of longitudinal mode tunable in the spectral region from visible to near-infrared 
depending on their aspect ratios.21 The transverse mode corresponds to the oscillation 
of the electrons perpendicular to the major axis of the rods and has linear dependence 
on the aspect ratio and the dielectric constant of the medium. The longitudinal mode 
is caused by the oscillation of the electrons along the major axis of the nanorods. As 
the aspect ratio increases, the energy separation between the resonance frequencies of 
the two plasmon bands increases.25-27 For triangular-branched gold nanocrystals, the 
plasmon resonance absorption has three bands, corresponding to two longitudinal 
surface plasmon absorptions at the longer and shorter wavelength and one transverse 
plasmon absorption present in between.20,28 Plasmon resonance spectra with three or 
more resonance bands are also observed in silver nanocrystals with different shapes, 
such as silver nanodisks29-33 and silver nanoprisms34-37. It could be deduced that the 
number of asymmetric dimensions in the shape of metal nanocrystals breaks the 
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plasmon band, therefore, the number of plasmon bands increases from one to two, 
three, or more as the shape changes from sphere to rod, disk, or branched shape.20 
 
In semiconductors, shape-dependent relaxation dynamics has been an interesting topic 
to study. In the bleach spectrum of CdSe nanodots and nanorods at the delay times 
ranging from 200 fs to 2.4 ps, it was observed that as the delay time increases, the 
carrier relaxation dynamics of the higher energy states in the nanorods becomes faster 
than that in the nanodots.38 This could be explained by the fact that lowering the 
symmetry from spheres to rods leads to the splitting of the energy level degeneracy. 
The increase in the density of states along the long axis of the rods leads to an 
increase in the relaxation process which involves either electron-phonon or 
electron-hole coupling.39 The smaller the electron energy separation, the more likely 
phonons or holes can be found to accept the released energy and, therefore, the faster 
the relaxation would be. 
 
1.2.2 Shape-controlled synthesis of nanoparticles 
 
Nanoparticles of different shapes can be prepared by many methods including 
solution process, micelle synthesis, hydrothermal synthesis, pyrolysis, and vapor 
deposition. Among these methods, solution process offers a better chance to obtain 
good control of nucleation and growth, therefore promises nanostructures with more 
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homogeneous chemical composition, less defects, and better short and long range 
order. In the solution process, four commonly used strategies includes: (1) to control 
the particle growth by monomer concentration, (2) to control the growth rates of 
various facets of the seed by using appropriate capping agents, (3) to induce particle 
growth into different shapes by using seeds with different crystallographic phases and 
(4) to self-assemble nanocrystals into one-dimensional nanostructures via oriented 
attachment (Figure 1.2). 
 
Figure 1.2 Shape-controlled syntheses (a) by using appropriate capping agents, (b) by 
using seeds with different crystallographic phases, and (c) via oriented attachment of 
nanoparticles. 
 
By studying the shape-controlled synthesis of CdSe nanocrystals, Peng et al. found 
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that the shape of the formed nanoparticles is a highly kinetics-driven process and is 
largely affected by the monomer concentration in the solution.40 At low monomer 
concentrations or long enough growth time, all nanocrystals grow toward the lowest 
chemical potential environment, which leads to the generation of only spheres. On the 
other hand, a median monomer concentration can support a three-dimensional growth 
of the existing tetrahedral seed crystals and produces rice-shaped nanocrystals. At 
high monomer concentrations, the growth of one single arm is promoted and therefore 
rods are formed. If the remaining monomer concentration in the growth solution is 
extremely high, the solution could supply a sufficient amount of monomers for each 
tetrahedral seed crystal to fully grow arms on the four (111) facets of the zinc blende 
structure to yield tetrapod-shaped nanoparticles. 
 
The shape of the nanoparticles can also be tuned using appropriate capping agents 
(Figure 1.2a). These capping agents could preferentially bind to different crystal faces 
of the growing particle and kinetically control the relative growth rates of different 
crystal planes. By doing so, anisotropy is introduced into the particle geometry. A 
well known example is the synthesis of CdSe nanorods in a hot surfactant mixture of 
trioctylphosphine oxide (TOPO) and hexylphosphonic acid (HPA).41,42 In this 
synthesis, one-dimensional rod shaped structures are produced from preferential 
growth along the [001] direction of wurtzite CdSe, which is promoted by the strong 
binding of HPA molecules on the sides of CdSe nanorods.43,44 With increasing HPA 
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concentration, the nanocrystal shape evolves from spheres and short rods to long rods 
with high aspect ratios. Similar shape-controlled synthesis assisted by selective 
adhesion of surfactants has been demonstrated in Co nanodisks45, TiO2 nanorods46, 
star-shaped PbS nanoparticles47 and so on. 
 
Another approach for the synthesis of nanoparticles of different shapes is to prepare 
seeds with different crystalline phases (Figure 1.2b). For example, the shape of CdS 
nanocrystals could be adjusted by the temperature-mediated phase control of the 
initial seeds.48 At high temperature conditions, nanorods are exclusively formed from 
the high temperature stable wurtzite-phased seeds. At lower temperatures, zinc blende 
nuclei are preferred and tetrahedral seeds with four {111} faces are formed. After 
crystal growth, CdS multipods with wurtzite-structured arms grown from these {111} 
faces of the zinc blende core can be obtained. 
 
In addition, one-dimensional rod-shaped nanocrystals can also be produced by shape 
transformations involving oriented attachment processes (Figure 1.2c). Weller and 
co-workers have demonstrated the formation of single crystalline ZnO nanorods by 
oriented attachment of preformed quasispherical ZnO nanoparticles.49 In this 
synthesis, ZnO nanoparticles were produced from zinc acetate through hydrolysis and 
aging processes. The nanoparticles then align and fuse together in order to remove 
high-energy surfaces. Finally, reconstruction processes of the fused nanocrystal 
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surfaces result in rod shaped nanocrystals with flat surfaces and high crystallinity. 
Similar shape transformation processes were also observed in other II–VI 
semiconductor nanocrystals such as CdTe50 and ZnS51. In the latter, cubic zinc blende 
ZnS nanorods were prepared by oriented attachment of zinc blende ZnS nanodots. 
The fabrication of nanorods with this structure is otherwise difficult via conventional 
colloidal synthetic routes. 
 
1.3  Nanomaterials with different compositions 
 
To further tailor the materials optical properties, nanomaterials with variable 
composition are synthesized and studied. Tunable optical properties have been 
achieved in core/shell quantum dots, alloyed nanoparticles, and doped nanomaterials. 
The properties and preparation of the three types are illustrated in the following 
sections.  
 
1.3.1 Core/shell quantum dots 
 
The conventional Type-I core/shell quantum dots are usually prepared by growing a 
layer of larger bandgap semiconductor on the surface of one with a narrower bandgap. 
In this case, the bandgap of the core falls within that of the shell, therefore both the 
electrons and holes are confined in the core.52 As a result, the probability of radiative 
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recombination is enhanced and photoluminescence (PL) quantum yield is improved. 
Examples of such materials include the well-known highly fluorescent CdSe/CdS53, 
CdSe/ZnS54, CdS/ZnS55 and ZnSe/ZnS56 nanocrystals. More recently, Type-II 
core/shell quantum dots, in which both the valence and conduction bands are lower 
(or higher) in the core than the shell, have become a subject of interest. Due to the 
spatial separation of the electron and the hole, i.e., one carrier is mostly confined to 
the core while the other to the shell, this Type-II core/shell quantum dots can emit 
light at wavelengths that would not be possible in a single material. For example, the 
PL emission of CdSe/ZnTe, CdTe/CdSe and CdTe/CdS nanocrystals is red-shifted 
considerably up to the near-infrared region, making them useful in applications such 
as photovoltaic or photoconducting devices.52,57 A third type of core/shell 
nanostructure is the so-called “reverse Type-I” core/shell structure, where a material 
with narrower bandgap is overgrown onto the core with a wider bandgap and a 
significant red-shift of the bandgap emission is observed. High quality ZnSe/CdSe 
nanocrystals of this type have been successfully prepared.58 By changing the shell 
thickness, the emission colors can be tuned continuously from violet to red. 
 
Core/shell nanostructures are also useful as surface passivation for doped 
nanoparticles. It is commonly known that ZnS shell passivates the surface defects on 
the Mn2+-doped CdS or ZnS nanocrystals and reduces the non-radiative 
recombination at these defect states which competes with energy transition to Mn2+. 
Chapter 1 
     
 
14 
For example, greatly enhanced Mn2+ PL emission were observed in both CdS:Mn/ZnS 
and ZnS:Mn/ZnS core/shell nanoparticles compared with the uncoated 
nanoparticles.59-62 
 
The preparation of core/shell nanocrystals involves two individual steps: core 
formation and shell coating. While the core formation follows the well-established 
protocols for size- and shape-controlled synthesis as mentioned in Sections 1.1.2 and 
1.2.2, the shell coating step is always more challenging. Critical issues involved in 
making high quality core/shell nanocrystals during this step include: (1) suppressing 
the formation of separate nanocrystals of shell material in the solution; and (2) 
inducing the homogeneous growth of shell materials onto the core nanocrystals. The 
key strategy to approach these issues is to perform a rather slow deposition of the 
shell material precursors onto the core nanocrystals at relatively low temperatures. 
The reactivity of the precursors should also be low enough to prevent independent 
nucleation, but sufficiently high to promote the epitaxial growth around the existing 
core nanocrystals.63  
 
Several methods have been used to accomplish shell growth. All necessary shell 
precursors can either be added together and left for spontaneous formation of the 
shell64,65, or be added alternatively for monolayer deposition of each atomic species of 
the shell material63,66 (Figure 1.3a). For bimetallic core/shell nanocrystals, the outmost 
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layer of the core can be converted into the shell through a replacement redox process 
(Figure 1.3b).67-69 Moreover, thermally-induced annealing of an initially amorphous 
and/or discontinuous shell (Figure 1.3c) can also produce core/shell structures.70 
 
Figure 1.3 Sketch of possible mechanisms leading to core/shell nanocrystals: (a) 
formation of shell by adding shell precursors (i) together or (ii) alternatively for 
monolayer deposition of each atomic species, (b) shell formation by a redox 
replacement reaction with the initial core as sacrificial template, and (c) formation of 
a uniform shell upon thermal annealing of an initially amorphous and/or 
discontinuous coating.71 
 
1.3.2 Alloyed semiconductor nanoparticles 
 
Continuous tuning of the optical properties can also be achieved in alloyed 
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semiconductor nanoparticles. Without changing the particle size, the optical properties 
of alloyed semiconductor quantum dots can be tuned by varying the alloy composition 
and their internal structure.72 For example, ZnxCd1-xS alloyed nanocrystals have been 
reported by many groups with narrow and composition-dependent PL spectra across 
the visible spectrum of 370 to 490 nm when the alloy composition is changed.73,74 In 
CdSe1-xTex alloyed quantum dot system, the emission can be tuned outside the 
wavelength range defined by the binary CdSe and CdTe nanocrystals, making this 
material useful as near-infrared fluorescent probes for in-vivo molecular imaging and 
biomarker detection.72 
 
A nonlinear relationship between the composition and the absorption and emission 
energies has been observed in the above nanoalloy systems. A small bowing 
parameter was found in the relationship between the Zn compositions and the peak 
emission wavelength of ZnxCd1-xS nanocrystals while a nearly linear relationship was 
shown in the bulk alloy counterpart.73-75 In CdSe1-xTex alloy quantum dots, such a 
similar “optical bowing” was also observed.72 According to a theoretical model 
developed by Zunger et al., the observed nonlinear effect arises from three structural 
and electronic factors: (1) the different atomic sizes of the ions in the alloy, (2) the 
different electronegativity values of these ions, and (3) the different lattice constants 
of the binary structures that make up the alloy.76 It is believed that relaxation of the 
anion-cation bonds to their equilibrium positions leads to a particularly large bandgap 
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reduction in CdSeTe-type semiconductor alloys.72 Such a nonlinear effect leads to 
new optical and electronic properties that are not available from the parent binary 
quantum dots. 
 
Preparation of alloyed semiconductor nanocrystals normally involves three or more 
precursors. Controlling the molar ratio of these precursors in the mixed reactants 
allows one to adjust the alloy composition. Similar to binary semiconductor 
nanocrystal preparation, reaction conditions such as surfactants, solvents, reaction 
temperature and reaction time can all affect the structure, shape and properties of the 
alloyed nanocrystals. There is also a high tendency to form gradient alloyed 
nanoparticles because of the difference in the intrinsic precursor reactivity.72 In such 
cases, further annealing is necessary for producing homogeneous alloy 
nanoparticles.73 
  
1.3.3 Doped Nanomaterials 
 
A third effective method to alter the optical properties of semiconductors is by 
impurity doping. It is well known that the incorporation of impurities into 
semiconductor lattices can affect the electrical conductivity, as well as the magnetic 
and optical properties of the semiconductor. For example, pure stoichiometric ZnO is 
an insulator, while the conductivity of ZnO can be greatly improved with the addition 
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of non-native defects such as Group III and V elements.77,78 Doping magnetic ions 
into semiconductor results in a new family of materials known as “dilute magnetic 
semiconductors (DMS)”. The giant Zeeman splitting of such materials leads to 
applications in spin-based electronics devices.79-81 In terms of optical properties, 
luminescence activators such as Mn2+ or Eu2+ make semiconductor nanocrystals 
interesting candidates for optical imaging applications due to their narrow emission 
line shapes and broadband excitation profiles.82,83  
 
Many approaches have been taken to prepare colloidal doped semiconductor 
nanocrystals covering most transition metal and rare-earth metal doped II-VI, III-V 
and IV-VI semiconductors. However, successful doping with desired amount of 
dopant is often hindered by the self-purification property of nanomaterials. In the first 
place, it is difficult for doped crystals to nucleate if the dopant-host lattice 
compatibility is low. Moreover, even in the cases of very high dopant-host 
compatibility such as Co2+-doped ZnO, the nucleation reaction is very sensitive to the 
perturbation as the dopants replace the host ions.84 Absorption spectra of the reaction 
solution of Co2+-doped ZnO nanocrystals indicate that the dopant ions are excluded 
from the critical nuclei formed at the earliest stage of the reaction, probably because 
of the large influence of the dopants (even at very small number) on the stability of 
the extremely small nuclei. 
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Another study on the synthesis of Co2+-doped CdS nanocrystals in reverse micelles 
shows that dopant incorporation is kinetically uncompetitive with host nanocrystal 
growth at the early stage of particle growth.85 The host nanocrystals grow without 
incorporating the dopant ions at this stage. As the reaction progresses, however, the 
dopant binding eventually becomes competitive and the addition of dopant ions to the 
nanocrystals surfaces exceeds the deposition of the host precursor.  
 
More recently, Erwin et al. suggested three factors that strongly influence dopant 
adsorption on the surface of the nanocrystals: surface morphology, nanocrystals shape, 
and surfactants in the growth solution.86 For surface morphology, they compared the 
binding energy of Mn2+ ions on the three most important facets of six representative 
II-VI and IV-VI semiconductors. They found that the dopant binding energies on the 
(001) surfaces of crystals with the zinc blende structure are remarkably larger than 
those on the other two zinc blende orientations, or on any facet of crystals with 
wurtzite and rock salt structures. This difference originates from the unique 
morphology of (001) surfaces of zinc blende crystals, which typically consists of 
various arrangements of anion dimmers. Such dimmers provide very stable binding 
sites that are absent from the (110) and (111) surfaces of zinc blende crystals, and 
from all surfaces of wurtzite and rock salt crystals. 
 
Assuming only the regions bounded by (001) facets can be doped in nanocrystals 
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having the zinc blende structure, the dopable fraction of the nanocrystal volume is 
determined directly by the second factor of nanocrystal shape. By analyzing the 
surface energies of all possible facets in an equilibrium crystal shape, one can predict 
the allowed range of crystal shapes that enable efficient doping. The third factor is 
surfactants which play an important role by affecting doping in two competing ways. 
On one hand, surfactants may affect the solubility of dopants in the growth solution. A 
surfactant that strongly binds with dopant atoms leads to higher dopant solubility in 
the solution and promotes the doping reaction. On the other hand, surfactants compete 
with the nanocrystal surface by binding with dopant atoms as well. If the binding is 
stronger than the adsorption of dopant atoms onto the nanocrystal surface, doping will 
be suppressed. This finding indicates the importance of choosing the right surfactant 
to balance these two competing requirements to allow efficient nanocrystal doping.87 
 
As mentioned above, dopant incorporation during nanocrystal growth would easily 
result in a gradient of dopant concentration throughout the nanocrystals. In other 
words, more dopants tend to be nearer to the surface of the nanocrystals. In order to 
ensure homogeneous dopant speciation in semiconductor nanocrystals, 
surface-exposed dopants need to be either removed or incorporated. The removal of 
surface-bound dopants can be realized by using coordinating solvents or ligands as 
surface cleaning agents. For example, stirring in pyridine for ~ 24 hours completely 
removed Mn2+ ions bound to the surfaces of CdSe nanocrystals, resulting in a product 
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in which the only Mn2+ ions remaining are the internal dopants.88 However, in the 
case of Co2+-doped CdS or ZnS nanocrystals, the removal of dopants by pyridine was 
extremely slow. In such cases, dopants on the surface can be incorporated by 
isocrystalline core/shell procedure.85 This procedure involves the isolation and 
purification of the as-prepared nanocrystals from the growth solution, followed by 
solution epitaxial growth of an additional layer of the pure host materials to overgrow 
the surface-exposed dopants. For example, as-prepared Co2+-doed CdS nanocrystals 
containing almost exclusively surface-bound dopants could be converted to internally 
doped nanocrystals by the overgrowth of additional CdS shell layers.89 Similar result 
was demonstrated in ZnO nanocrystals in which Co2+ ions were deliberately bound to 
the nanocrystals surfaces.90 Both of these cases demonstrated the efficiency of the 
isocrystalline core-shell approach. 
 
1.4  Objective and scope of thesis 
 
This project sets out to synthesize and investigate several nanomaterials with optical 
properties that can be tuned by changing the particle size, shape or composition. 
Among the many important luminescent materials, ZnS is particularly attractive due 
to its promising applications as phosphors,91 electroluminescent devices,92 non-linear 
optics93-95 and solar cells.96-99 Bulk ZnS has a wide bandgap of ~ 3.68 eV. Blue-shifted 
from its bulk bandgap, the band edge emission of ZnS nanocrystals can be tuned in 
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the ultraviolet region via controlled synthesis that produces particles of different 
shapes and sizes.51,100 In Chapter 3, I developed a synthesis methodology to produce 
ZnS nanoparticles in rod- and spherical-shape, and with crystal structures varied from 
hexagonal wurtzite to cubic sphalerite. Difference in reaction rates and monomer 
concentrations was found to account for the tunable shapes and structures of the 
nanocrystals. The UV-vis absorption and PL properties of these nanoparticles were 
studied. 
 
Doping ZnS nanocrystals with Mn2+ ions allows it to emit in the orange region and 
opens up its applications in electroluminescent displays,101-106 spintronics107 and 
biomedical labeling.15,106 Optical dynamics in Mn2+-doped ZnS nanoparticles have 
been a hot topic. In an earlier study of Mn2+-doped ZnS nanoparticles, a lifetime 
shortening was observed and was interpreted based on the interaction of the s-p 
electron-hole of the host (ZnS) and the d-electrons of the impurity (Mn2+).108 However, 
recent findings had indicated that the short lifetime component (in the nanosecond 
range) was not due to the Mn2+ emission, but more likely due to the long-wavelength 
tail of ZnS emission of extremely weak intensity.109-111 More recently, it was also 
reported that the short nanosecond component comprises of donor-acceptor-tail 
emission and a new fast decay emission peaking at 645 nm (detected within the 
experimental resolution of 0.14 µs).112 More detailed investigations are still required 
as the origin of the fast decay component that overlaps with the Mn2+ emission at ~ 
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590 nm is still unclear. 
 
In Chapter 4, I thus attempted to synthesize Mn2+-doped ZnS (ZnS:Mn) nanoparticles, 
and also a ZnS:Mn/ZnS core/shell nanostructure. Doped nanocrystals in the shape of 
both rods and spheres were obtained following the conditions to prepare undoped ZnS 
nanoparticles established in Chapter 3. The effect of doping concentration on the 
morphology, structure and optical properties was investigated. Decay lifetime at ~ 590 
nm was investigated using a steak camera, which can simultaneously provide spectral 
and temporal information of the emission. Detailed structural characterization and 
surface chemical analysis were carried out to examine the formation of the core/shell 
nanoparticles prepared. Optical studies revealed an enhancement of dopant emission 
as well as a change in the decay lifetime component distributions upon shell coating. 
 
Chapter 5 is on the study of water-soluble CdS nanocrystals during prolonged 
refluxing. This system is interesting because a distinct second absorption peak appears 
after hours of refluxing at high capping agent concentration. This second peak occurs 
at a wavelength which corresponds to particle size almost twice of that arising from 
the first absorption peak. Thus, combination of two nanoparticles or “size-doubling” 
phenomenon is believed to have occured. In this chapter, I separated these two-sized 
nanoparticles and characterized their morphology, structures and optical properties. I 
further investigated the excited state dynamics of these two-sized particles using 
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Time-Correlated Single Photon Counting (TCSPC) and streak camera measurements. 
 
In Chapter 6, Co- and Mn-doped ZnO nanoparticles were synthesized and analyzed 
with X-ray absorption fine structure (XAFS) technique. Often, a crucial question 
when studying doped nanomaterials is whether the dopant ions are located within the 
lattice or on the surfaces of the host materials. Due to the extremely low concentration 
of dopants that are present, small perturbation caused by the dopants can easily be 
obscured by the dominating features of the host material or be mistakenly interpreted 
from changes due to other factors. XAFS is among one of those techniques that can 
give dopant-specific structural information. By collecting the dopant K-shell X-ray 
absorption at the wavelength of irradiation, XAFS probes the local coordination 
environment of the dopant nucleus and provides accurate bond lengths and 
approximate coordination numbers of the dopants even at low doping levels. In this 
chapter, interesting results on the dopant valance states and local environment, as well 
as their stability upon thermal treatment, were revealed by XAFS. 
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Chapter 2  
Experimental 
 
2.1  Chemical reagents 
 
Table 2.1 Chemical and solvents used in the work described in this thesis; their purity 
and sources. 
Chemical Purity Formula Source 
1-octadecene (ODE) 90% CH2=CH(CH2)15CH Aldrich 3 
1-thioglycerol 98% HSCH2CH(OH)CH2 Fluka OH 
2-propanol AR grade CH3CH(OH)CH TEDIA 3 
2,2’-bipyridine 99% (C5H4N) Alfa Aesar 2 
Acetonitrile AR grade CH3 TEDIA CN 
Cadmium Acetate Dihydrate 98% Cd(CH3COO)2·2H2 Aldrich O 
Chloroform HPLC grade CHCl TEDIA 3 
Cobalt Acetate Tetrahydrate 99% Co(CH3COO)2·4H2 Fluka O 
Dimethylformamide (DMF) HPLC grade (CH3)2 Fisher Scientific NC(O)H 
Dodecylamine 98% CH3(CH2)11NH Merck-Schuchardt 2 
Ethanol 99.9% CH3CH3 MERCK OH 
Ethyl Acetate AR grade CH3COOCH2CH Fisher Scientific 3 
Hexadecylamine (HDA) 99% CH3(CH2)15NH Fluka 2 
Hexane HPLC grage CH3(CH2)4CH TEDIA 3 
Manganese Acetate Tetrahydrate 99% Mn(CH3COO)2·4H2 Fluka O 
Manganese Chloride Tetrahydrate 99% MnCl2·4H2 Fluka O 
Methanol 99.9% CH3 Fisher Scientific OH 







Sodium Carbonate Decahydrate 99% Na2CO3·10H2 Dumont O 
Sodium Hydroxide 99% NaOH CHEMICON 
Tetrahydrofuran (THF) HPLC grade C4H8 TEDIA O 
Thiobenzoic Acid 90% C6H5 Fluka COSH 
Trioctylphosphine (TOP) 90% [CH3(CH2)7]3 Fluka P 
Zinc Acetate 99.99% Zn(CH3COO) Aldrich 2 
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2.2  Synthesis of precursors 
 
2.2.1 [(2,2’-bpy)Zn(SC{O}Ph)2] (or Zn(TB)2-bpy) precursor 
 
Zn(TB)2-bpy precursor was prepared using a modified method in literature1,2. Firstly, 
1.8811 g of zinc acetate was dissolved in 60 mL methanol and added dropwisely with 
2.4 mL thiobenzoic acid under vigorous stirring. After that, another solution of 1.6 g 
2,2’-bipyridine in 5 mL chloroform was added dropwisely. The mixture was allowed 
to react for 1.5 hour under stirring. The white precipitates formed were collected by 
centrifugation and decantation of the supernatant. Finally, the white precipitates were 
dissolved in a mixed solvent of dimethylformamide and tetrahydrofuran (volume ratio 
1:2). The resultant yellow solution was filtered, and the solvent was removed using a 
rotoevaporator to yield a near-saturated solution. Equivalent volume of ethanol was 
then added slowly into the above solution to recrystallize the precursor. The mixture 
was kept at ~ 4 °C in the refrigerator for two days. Pale yellow crystals aggregated at 
the bottom of the flask. The yellow crystals were filtered and rinsed with ethanol 
before drying in a vacuum desiccator. Yield: ~ 70%; EA: Zn, 11.51%; C, 58.41%; H, 
3.64%; N, 5.64%; S, 12.79%. Calculation for C24H18N2S2O2Zn: Zn, 13.19%; C, 
58.12%; H, 3.66%; N, 5.65%; S, 12.93%. 
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2.2.2 [(2,2’-bpy)Cd(SC{O}Ph)2] (or Cd(TB)2-bpy) precursor 
 
The Cd(TB)2-bpy precursor was synthesized according to the method in Ref. 2. 
Briefly, 0.86 g of sodium carbonate decahydrate was dissolved in 20 mL of deionized 
water and 30 mL of acetonitrile in a round-bottom flask. 0.7 mL of thiobenzoic acid 
was then added into the mixture and stirred for about 5 minutes. 0.47 g of 
2,2’-bipyridine and 0.8 g of cadmium acetate dihydrate were then added and the 
mixture was stirred for about 45 minutes. The solution was then filtered, and the pale 
yellow powder obtained was washed with acetonitrile and dried. During 
recrystallization, the pale yellow powder was first dissolved in tetrahydrofuran to give 
a saturated solution, followed by the addition of ethanol of equivalent volume. The 
solution was then placed in the refrigerator for slow precipitation of CdS precursor 
crystals over two days. Finally, the resultant crystals were filtered, and rinsed with 
ethanol before drying in a vacuum desiccator. 
 
2.3  Synthesis of ZnS nanoparticles 
 
2.3.1 Preparation of ZnS nanorods in HDA 
 
Zn(TB)2-bpy precursor and HDA in various amounts as listed in Table 2.2 were 
loaded into a three neck flask and degassed at 60 °C for 15 minutes. Temperature of 
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the flask was raised to 280 °C over ~ 20 minutes. Heating was then removed and the 
reaction mixture was cooled down. A small amount (~ 0.5 mL) of hexane was added 
in order to prevent the excess HDA from solidification. About 5 mL of ethanol was 
then added to precipitate the nanorods. The precipitate was centrifuged, washed 
thoroughly with hexane and ethanol, and dried in vacuum overnight.  
 
Table 2.2 Feed ratios and amounts of Zn(TB)2-bpy precursor and HDA used to 
prepare the ZnS nanorods in Figure 3.3. 
[HDA]:[precursor] Precursor (g) HDA (g) 
5:1 0.1985 0.4829 
10:1 0.0991 0.4830 
20:1 0.0495 0.4822 
40:1 0.0249 0.4828 
 
2.3.2 Preparation of ZnS nanoparticles in HDA+ODE 
 
The preparation conditions of ZnS nanoparticles differed from that of ZnS nanorods 
only by the addition of a non-coordinating solvent ODE. Zn(TB)2-bpy precursor, 
HDA and ODE in various amounts as listed in Table 2.3 were mixed in the first step. 
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Table 2.3 Feed amounts of Zn(TB)2-bpy precursor, HDA and ODE used to prepare 
the ZnS nanoparticles in Figure 3.6a and Figure 3.9. 
Sample Precursor (g) HDA (g) ODE (mL) 
Figure 3.6a 0.0991 0.4828 0.5 
Figure 3.9a 0.0247 0.4829 0.1 
Figure 3.9b 0.0247 0.4829 0.5 
Figure 3.9c 0.0249 0.4828 1.0 
Figure 3.9d 0.0248 0.4826 2.5 
 
2.3.3 Preparation of ZnS nanoparticles by injection method using TOP and OLA 
as the precursor solvents 
 
In a two-neck flask, Zn(TB)2-bpy precursor was dissolved in a mixture of TOP and 
OLA in various amounts as listed in Table 2.4. The mixture was stirred in a 90 °C oil 
bath and degassed for 30 minutes. The solution was then swiftly injected into a 
three-neck flask containing a hot (280 °C) solution of HDA and ODE (both degassed 
before use). After 10 minutes, heating was removed and the reaction solution was 
cooled down. The products were then treated the same way as in Section 2.3.1. 
 
Table 2.4 Feed amounts of Zn(TB)2-bpy precursor, TOP, OLA, HDA and ODE used 
to prepare ZnS nanoparticles in Figure 3.6b and Figure 3.11. 









Figure 3.6b 0.1634 0.5 0.5 0.6036 1.0 
Figure 3.11a 0.1638 0.5 1.0 0.6035 1.0 
Figure 3.11b 0.1634 0.5 0.5 0.6036 1.0 
Figure 3.11c 0.1635 1.0 0.5 0.6032 1.0 
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2.4  Synthesis of ZnS:Mn and ZnS:Mn/ZnS core/shell nanoparticles 
 
2.4.1 Preparation of ZnS:Mn nanoparticles 
 
All ZnS:Mn nanoparticles were prepared following the methods in Section 2.3 with 
the addition of the desired amount of MnCl2·4H2
 
O into the reaction mixture prior to 
the reaction. The detailed feed amounts used to prepare the ZnS:Mn nanoparticles in 
Figure 4.2 and Figure 4.3 are listed in Table 2.5 and Table 2.6 respectively. 
Table 2.5 Feed amounts of Zn(TB)2-bpy precursor, MnCl2·4H2
Sample 
O, TOP, OLA, HDA 














4.2a 0.0995 0.0005 - - 0.9645 - 
Figure 
4.2b 0.0815 0.0011 - - 0.3015 0.5 
Figure 
4.2c 0.2448 0.0030 0.75 0.75 0.9040 1.5 
 
Table 2.6 Feed amounts of Zn(TB)2-bpy precursor, MnCl2·4H2
Sample 
O, and HDA used to 







Figure 4.3a 0.0495 - 0.4822 
Figure 4.3b 0.0995 0.0005 0.9645 
Figure 4.3c 0.1479 0.0017 1.4511 
Figure 4.3d 0.1476 0.0038 1.4501 
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2.4.2 Preparation of ZnS:Mn/ZnS core/shell nanoparticles 
 
The doped nanoparticles were always isolated, washed and dried before the growth of 
ZnS shell. In a typical preparation for a shell thickness of ~ 0.4 nm, 0.014 g of 
pre-prepared ZnS:Mn nanoparticles was dissolved in 0.4 mL of hexane by sonication 
and stirring. 0.2426 g HDA and 0.4 mL ODE were then added into the solution, 
followed by 0.0590 g Zn(TB)2-bpy precursor. The mixture was degassed for 15 
minutes at 50-60 °C under stirring. Temperature was then raised to 250 °C and kept at 
250 °C for 30 minutes. The precipitation and washing of the products were then done 
in the same way as in Section 2.3.1. A thicker shell can be grown by either adding 
more Zn(TB)2-bpy precursor in the shell growth step, or with the same amount of 
Zn(TB)2-bpy precursor but repeating the step two times. The detailed feed amounts 
used to prepare the core/shell nanoparticles in Figure 4.16 and Figure 4.17 are shown 
in Table 2.7 and Table 2.8 respectively. 
 
Table 2.7 Feed amounts of ZnS:Mn nanoparticles, Zn(TB)2
Sample 
-bpy precursor, HDA and 














4.16b 0.35 0.0144 0.0590 0.2426 0.4 
Figure 
4.16d 0.75 0.0145 0.0884 0.3635 0.4 
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Table 2.8 Feed amounts of ZnS:Mn nanoparticles, Zn(TB)2
Sample 
-bpy precursor, HDA and 
ODE used to prepare ZnS:Mn/ZnS core/shell nanoparticles in Figures 4.17b and c by 











Figure 4.17b 0.0144 0.0595 0.2420 0.4 
Figure 4.17c 0.0144 0.0600 0.2418 0.4 
 
2.5  Synthesis of water-soluble CdS nanocrystals 
 
About 0.65 mL of 1-thioglycerol was dissolved in 20 mL of deionized water in a 
3-necked round-bottom flask. The pH of the solution was adjusted to approximately 
13 with 2 mol/L sodium hydroxide. 0.0816 g of [(2,2’-bpy)Cd(SC{O}Ph)2] precursor 
was then added into the solution and the mixture was sonicated for 10 minutes. It was 
then purged with nitrogen for about 3 minutes before being placed into an oil bath 
pre-heated to 140°C. Timing was started when the solution began to reflux. 
 
The mixture was normally refluxed for about 5 hours, during which aliquots (~ 0.5 
mL) were withdrawn from the refluxing mixture and diluted to the same dilution 
factor. UV-vis absorption spectra of these solutions were recorded to monitor the 
reaction. At the end of the reaction, 2-propanol was used to precipitate the CdS 
nanocrystals from the solution. The different sized CdS nanocrystals were separated 
by size-selective precipitation through the control of centrifuging speed and volume 
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of precipitating solvent used. After that the separated CdS precipitates were dried in 
desiccators under vacuum. 
 
2.6  Synthesis of Co- and Mn-doped ZnO nanoparticles 
 
Zinc acetate (Zn(OAc)2) and cobalt acetate tetrahydrate (Co(OAc)2·4H2O) or 
manganese acetate tetrahydrate (Mn(OAc)2·4H2O ) were mixed with ethanol to form 
a 0.1 mol/L solution. The various feed amounts of these reagents are given in Table 
2.9. The mixture was heated up in an oil bath to refluxing temperature. An ethanolic 
solution of 1.5 mol/L NaOH was then added dropwise under vigorous stirring. 
Aliquots of the reaction solution were withdrawn for UV-vis absorption 
measurements at certain time intervals throughout the reaction process. The addition 
of NaOH was stopped after ~1.75 equivalence of NaOH was added. After 45 minutes, 
the reaction solution was cooled to room temperature and the precipitate was obtained 
by adding ethyl acetate followed by centrifugation and washing.  
 
Post-synthesis treatment with dodecylamine 
 
Post-synthetic treatment was carried out to remove the excess dopant ions on the 
nanoparticle surfaces according to Ref. 3. The nanoparticles prepared from the above 
step were heated in 10 mL dodecylamine at 60-80°C in nitrogen atmosphere. The 
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resulting products were centrifuged and washed with ethanol before drying in 
vacuum. 
 
Table 2.9 Feed amounts of Zn(OAc)2, Co(OAc)2·4H2O, Mn(OAc)2·4H2O, ethanol 
and 1.5 mol/L NaOH solution used to prepared Co- and Mn-doped ZnO nanoparticles 



















Co-L 2.6830 0.0934 - 150 17 2.5% 
Co-H 2.3396 0.4534 - 150 17 12.5% 
Mn-L 1.3625 - 0.0182 65 9 1.0% 
Mn-H 0.8027 - 0.1527 30 6 12.5% 
 
2.7  Characterization techniques 
 
2.7.1 Transmission Electron Microscopy (TEM) and High Resolution TEM 
(HRTEM) 
 
TEM was performed on a JEOL 2010 Electron Microscope operating at an 
acceleration voltage of 200 kV. HRTEM was performed on a JEOL 3010 Electron 
Microscope operating at an acceleration voltage of 300 kV. For TEM sample 
preparation, one drop of nanoparticle solution was placed on a 200 mesh 
carbon-coated copper grid lying on top of a piece of filter paper. For TEM samples in 
Chapter 3 and Chapter 4, nanoparticles were dispersed in hexane. For TEM samples 
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in Chapter 5 and Chapter 6, they were dispersed in deionized water and ethanol 
respectively. All the prepared grids were dried in vacuum before analysis. 
 
2.7.2 Powder X-ray Diffraction (XRD) 
 
XRD patterns were acquired using a Siemens D5005 X-ray powder diffractometer 
with Cu Kα radiation (λ = 0.15406 nm). Nanoparticle samples were ground and 
placed onto double-sided tapes that were mounted to the sample holder. 
 
2.7.3 Single Crystal X-ray Crystallography 
 
Single crystal X-ray crystallography provides detailed information about the internal 
lattice of crystalline substances, including their unit cell dimensions, bond lengths, 
bond angles, and details of site-ordering. In our work, these information was collected 
from a crystal of ~ 1 mm3 size using a Bruker-AXS Smart Apex CCD single crystal 
diffractometer. 
 
2.7.4 Elemental Analysis (EA) 
 
Carbon, hydrogen, nitrogen and sulfur (CHNS) analysis was performed on an 
Elementar Vario Micro Cube. Inductively Coupled Plasma (ICP) analysis was carried 
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out using a PerkinElmer Optima 5300 DV ICP-OES system. Samples were excited by 
the inductively coupled plasma to produce atoms or ions that emit electromagnetic 
radiation at wavelengths characteristic of the particular element present. The intensity 
of this emission is indicative of the concentration of the element within the sample. 
 
2.7.5 Thermal Gravimetric Analysis (TGA) 
 
TGA was performed on a SDT 2960 Simultaneous DTA-TGA analyzer. The weight 
loss of approximately 10 mg of the precursor was measured under a flow of nitrogen 
gas (flow rate: 100 mL/minute) at a heating rate of 20 degree/minute. 
 
2.7.6 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS is a surface analytical technique. XPS spectra are obtained by irradiating a 
material with a beam of X-ray and measuring the kinetic energy (KE) and number of 
electrons that escape from the top 1 to 10 nm of the material being analyzed. It 
provides information on the local chemical and electronic state of the elements on the 
surface, as well as quantitative estimation on the elemental composition. 
 
In our work, XPS measurements were performed using VG ESCALAB 220i-XL 
instrument (base pressure < 5×10-10 mbar) equipped with a monochromatic Al Κα 
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(1486.7 eV) X-ray source. The XPS binding energy (BE) was calibrated with pure 
gold, silver, copper, and nickel standard samples by setting the Au 4f7/2, Ag 3d5/2, Cu 
2p3/2
 
 peaks, and Ni Fermi edge at BEs of 83.98 ± 0.02 eV, 368.26 ± 0.02 eV, 932.67 
± 0.02 eV, and 0.00 ± 0.02 eV, respectively. All spectra were recorded in the constant 
pass energy mode with pass energy of 20 eV and step width of 0.1 eV. Nanoparticle 
powders were ground and placed onto conductive carbon tapes for analysis. 
All XPS spectra were calibrated with C 1s peak which has a standard position at 
284.65 eV. Peak positions were fitted and optimized using the XPSPEAK41 software. 
The elemental molar ratio was calculated from the atomic percentage of each element 
in the sample, using the corresponding peak area which has been corrected for 
sensitivity factors. 
 
2.7.7 Ultraviolet-visible (UV-vis) Absorption Spectroscopy  
 
UV-vis absorption spectra were recorded on a Shimadzu UV-3600 spectrophotometer 
using pure solvents as reference. All nanoparticle samples were dispersed in suitable 
solvents before analysis. For samples in Chapter 3 and Chapter 4, the solvent used 
was hexane. For samples in Chapter 5 and Chapter 6, the solvents were deionized 
water and ethanol respectively. 
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2.7.8 Steady-state Photoluminescence Spectroscopy (PL)  
 
Steady-state PL spectra in Chapter 3 and Chapter 4 were collected with a Jobin Yvon 
Fluorolog-3 modular spectrofluorometer system, using a 450 W Xe lamp. Spectra in 
Chapter 5 and Chapter 6 were obtained with a Perkin-Elmer LS55 Luminescence 
Spectrometer with a 150 W Xe lamp. Sample preparation for PL measurements was 
the same as that of UV-vis absorption spectroscopy. 
 
 
Determination of PL quantum yield (QY) 
The PL QY of ZnS:Mn and ZnS:Mn/ZnS core/shell nanoparticles were determined 
with a protocol as described below. Firstly, ZnS:Mn and ZnS:Mn/ZnS core/shell 
nanoparticles were dissolved in hexane and their absorption spectra were recorded in 
1 cm cuvettes. The absorbance values at the excitation wavelength used for PL 
measurement, i.e. 335 nm, were recorded. Next, PL spectra of the same solutions were 
measured at the above excitation wavelength. The integrated PL intensity, i.e. the area 
of PL emission peak, was calculated from the spectrum which has been corrected with 
the installed correction function of the spectrofluorometer. The above two steps were 
repeated for four solutions with increasing concentrations, while the absorbance of all 
solutions were adjusted below 0.1 in order to minimize re-absorption effect. A plot of 
the integrated PL intensity versus absorbance followed a straight line passes through 
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the origin. The gradient of this line is obtained as GradX and used in Equation 2.1 
below. 
 
Quinine sulfate was used as the standard in our QY measurement. It has been reported 
to have a QY of 0.546 at the concentration of 5 x 10-3 mol/L in 1 mol/L H2SO4 
solution.4 The absorption and PL emission spectra (excited at 335 nm) of quinine 
sulfate solutions were recorded in the same way as mentioned above. The gradient 
GradST (ST stands for “standard”) was obtained from similar plot.  
 
The QY of our nanoparticles was therefore calculated using the following equation: 
 (Equation 2.1) 
where the subscripts ST and X denote quinine sulfate and our samples respectively, Φ 
is the PL QY and η the refractive index of the corresponding solvents (1.3330 for 
water and 1.3749 for hexane). 
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2.7.9 Time-resolved PL spectroscopy (TR-PL) 
 
 
TR-PL detected using a streak camera system 
Room-temperature TR-PL was performed using 150 fs UV excitation pulses 
generated from a Coherent OPERA-F optical parametric amplifier that was driven by 
a Coherent Legend 1 KHz Femtosecond Ti:sapphire regenerative amplifier (with an 
energy of 1 mJ per pulse). The repetition rate of the pulses can be adjusted using the 
Coherent SDG-II delay generator. For samples measured in the solid form, 
nanoparticle powders were redispersed in a suitable solvent (same as in steady-state 
PL measurements) and coated onto a quartz slide. For samples measured in the 
solution form, the redispersed nanoparticle solution was transferred into a quartz 
cuvette with pass length of 1 cm. Room-temperature luminescence was collected in a 
conventional backscattering geometry and detected using an Optronis Optoscope 
streak camera system. A slow triggered sweep unit (Optronis STSU1-ST) with an 
ultimate temporal resolution of 50 ps and a fast one (Optronis FSSU1-ST) with an 
ultimate temporal resolution down to 4 ps were used for the data collection at long 
and short timescale, respectively. The streak camera and the femtosecond laser were 
synchronized electrically using a delay generator. The streak camera images were 
recorded using a 12-bit cooled CCD readout unit (Optronis SCRU-SE). The images 
obtained were averaged over 100 accumulated images.  
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TR-PL detected using Time-Correlated Single Proton Counting (TCSPC) 
For TCSPC measurements in Chapter 5, the light source used was generated from a 
Ti:sapphire Tsunami ultrafast laser from Spectra-Physics with a pulse centered around 
800 nm and a full-width at half-maximum (FWHM) of about 40 fs. The energy of the 
pulse was 32 mW and had a repetition rate of 80 MHz. The 800 nm light source was 
frequency-doubled using a nonlinear BBO crystal to 400 nm and it was subsequently 
used as the excitation source. The samples used were all in solution phase. The 
emission wavelength monitored was varied according to the system being investigated. 
PicoHarp 300 was used as the photon counting system and a photomultiplier tube 
(PMT) was used as the photon detector.  
 
2.7.10 X-ray Absorption Fine Structure (XAFS) 
 
XAFS is the analysis of specific fine structure observed in X-ray absorption 
spectroscopy. This analysis is useful for probing the electronic states of an atom and 
its local structure. In our work, XAFS experiments at room temperature were carried 
out at the X-ray Demonstration and Development (XDD) beamline of the Singapore 
Synchrotron Light Source (SSLS).5 The beamline provides a focused 2.5 - 10 KeV 
X-ray source with a Si κ monochromator. To make consistent comparisons, all 
experiments were carried out in transmission mode using two ion chambers, which 
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simultaneously record the incident and transmitted X-ray intensities. Each sample was 
ground into fine powders of 400 mesh and pressed into a pellet of 2 mm diameter (in 
Chapter 3 and Chapter 4) or 5 mm diameter (in Chapter 6). The absorption increment 
step at the metal K-edge in the XAFS spectra achieved is about 0.15 - 0.8. The energy 
was calibrated to the K-edge absorption of the corresponding metal foil and was 
reproducible within 0.1 eV between scans. The absorption spectra were collected 
from -150 to 700 eV relative to the metal K-edge. Metal foils and powders of 
commercial reference samples were also measured in transmission mode at the metal 
K-edge. 
 
XAFS data analysis followed a standard procedure using the WinXAS code.6 The 
absorption spectra were normalized by employing linear and polynomial fits to the 
pre-edge and post-edge regions, respectively. Subsequent processing included 
transforming from energy space to momentum (k) space, a 7-segment spline fit to the 
post-edge region, and Fourier transform (FT) from k space to real R space. In the FT, 
EXAFS function in the range of 2.2 - 12.8 Å-1 (for Co edge) and 2.4 - 12.6 Å-1 (for 
Mn edge) in k space was extracted, k3 weighted and a Bessel window function was 
employed. As mentioned in Chapter 6, the data fit was performed in R space using the 
theoretical phase-shift and backscattering amplitude extracted from the Co- and 
Mn-replaced ZnO model, respectively. The model was constructed based on a ZnO 
cluster with wurtzite structure where the absorber Zn atom was replaced by one Co or 
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Mn atom respectively. The first two shells were filtered out between about 1.0 Å and 
3.5 Å in the FT and were fitted by metal-oxygen and metal-zinc coordinations in R 
space. The inelastic factor, s02
 
, was determined by fitting to the respective 
metal-oxygen coordination shells of standard references with known structures and 
fixed at 0.92 for Co K-edge and 0.72 for Mn K-edge. The FT data fitting for ZnO 
followed the same procedure and the same range in k-space was extracted. Due to the 
phase shift difference, the direct comparison of FT for Zn in ZnO and other doped 
metals in ZnO may cause a difference, but it should not be significant due to their 
close atomic number in the periodic table for these 3d metals. 
2.8  References 
 
 (1) Vittal, J. J.; Sampanthar, J. T.; Lu, Z. Inorganica Chimica Acta 2003, 343, 
224. 
 (2) Zhang, Z. H.; Chin, W. S.; Vittal, J. J. Journal of Physical Chemistry B 2004, 
108, 18569. 
 (3) Schwartz, D. A.; Norberg, N. S.; Nguyen, Q. P.; Parker, J. M.; Gamelin, D. R. 
Journal of the American Chemical Society 2003, 125, 13205. 
 (4) Melhuish, W. H. Journal of Physical Chemistry 1961, 65, 229. 
 (5) Moser, H. O.; Casse, B. D. F.; Chew, E. P.; Cholewa, M.; Diao, C. Z.; Ding, 
S. X. D.; Kong, J. R.; Li, Z. W.; Hua, M.; Ng, M. L.; Saw, B. T.; bin Mahmood, S.; 
Vidyaraj, S. V.; Wilhelmi, O.; Wong, J.; Yang, P.; Yu, X. J.; Gao, X. Y.; Wee, A. T. 
S.; Sim, W. S.; Lu, D.; Faltermeier, R. B. Nuclear Instruments & Methods in Physics 
Research Section B-Beam Interactions with Materials and Atoms 2005, 238, 83. 
Chapter 2 
                                                                                                                                           52 
 (6) Ressler, T. Journal de Physique IV 1997, 7, 269. 
 
 
     
                                                                                              53 
Chapter 3  
Synthesis and Characterization of ZnS Nanocrystals with 
Different Shapes and Crystal Phases  
 
There have been many reports on the synthesis of ZnS nanoparticles. Conventional 
chemical methods, e.g. colloidal synthesis, normally produce ZnS spherical 
nanocrystals with particle sizes ranging from a few nanometers to the sub-micrometer 
regime.1-7 Thermal evaporation,8,9 chemical vapor deposition (CVD),10,11 
hydrothermal12,13 and solvothermal14-21 methods, on the other hand, tend to produce 
1-dimentional (1-D) nanostructures such as ZnS nanorods and nanowires. ZnS 
nanorods have also been prepared through the oriented attachment mechanism by 
aging in solution.22 
 
Besides different shapes of ZnS nanocrystals, synthetic approaches that produce 
different crystal phases of ZnS have also attracted attention. Bulk ZnS exists in two 
crystal phases: the cubic sphalerite phase and the hexagonal wurtzite phase. The cubic 
sphalerite phase possesses a zinc-blende structure and is the thermodynamically stable 
phase, while the hexagonal wurtzite form is a thermodynamically metastable phase. It 
was reported that the cubic sphalerite phase would transform into the hexagonal 
wurtzite phase at 1020 °C and 0.1 MPa. Nanoparticles of ZnS were found to undergo 
such phase transition at a lower temperature of around 400 °C.23 Direct synthesis of 
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wurtzite ZnS nanorods were also demonstrated by a few research groups; most of 
them utilized chemical vapor deposition or hydro/solvothermal methods with or 
without catalyst. In these approaches, high deposition temperatures (> 800°C)24 or 
long reaction time (from several hours to days) is necessary. Reactions through 
solution route25-28 and electrochemical deposition29, on the other hand, provide other 
alternatives for preparing wurtzite ZnS nanocrystals at a milder condition.  
 
Simultaneously controlling the shape and phase of ZnS nanocrystals during synthesis 
is challenging. Daniels et al.5 has reported a preparation of ZnS nanorods from zinc 
acetate and elemental sulfur in hexadecylamine (HDA) and octylamine (OA). By 
varying the reaction temperature, ZnS nanorods of a mixed phase were obtained at 
140 °C while near-spherical ZnS nanoparticles of cubic sphalerite phase were 
obtained at 180 °C. Pure hexagonal wurtzite nanorods and cubic sphalerite 
nanoparticles were obtained by Li et al. via thermolysing zinc ethylxanthate in 
different ligand solutions.30 In the HDA+OA system, hexagonal wurtzite ZnS 
nanorods were synthesized at a fairly mild reaction condition (150 °C). In the 
HDA+TOP (i.e. trioctylphosphine) system, a shape change from rod to particle and a 
phase transition from wurtzite to sphalerite simultaneously occurred with increasing 
content of TOP in the mixed solution. Pure sphalerite nanoparticles were prepared at 
high TOP content or in neat TOP solution. Selective adsorption of the ligand 
molecules due to their different binding abilities and steric effects was proposed as the 
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mechanism of the shape- and phase-controlled growth.  
 
In this chapter, I report the shape- and phase-controlled synthesis of ZnS nanocrystals 
via the decomposition of a molecular Zn complex precursor, 
[(2,2’-bpy)Zn(SC{O}Ph)2]. In my synthesis, both wurtzite and sphalerite ZnS 
nanorods were obtained when reacting the precursor in pure HDA. Phase transition 
from sphalerite to wurtzite occurred when the molar ratio of HDA to the precursor 
was increased, which also resulted in longer and thinner rods. Under the same 
conditions, cubic sphalerite spherical nanoparticles can be synthesized by simply 
adding 1-octadecene (ODE) into the reaction system. Spherical nanoparticles were 
also obtained by an injection method using a mixture of TOP and oleylamine (OLA) 
as the precursor solvents.  
 
3.1  Synthetic methodologies 
 
The precursor [(2,2’-bpy)Zn(SC{O}Ph)2] or in short, Zn(TB)2-bpy, was prepared as 
described in Section 2.2.1. It is an air-stable crystalline complex and the single crystal 
structure was determined by X-ray crystallography as illustrated in Figure 3.1. In this 
mononuclear compound, the Zn atom is situated in a highly distorted tetrahedral 
geometry with two Zn-S bonds and two Zn-N bonds. The structure is isostructrural to 
[(2,2’-bpy)Cd(SC{O}Ph)2], which was used as a single precursor by Zhang et al. to 
   Chapter 3 
                                                                                              56 
produce CdS nanocrystals.31 
 
 
Figure 3.1 Structure of the [(2,2’-bpy)Zn(SC{O}Ph)2] precursor. Selected bond 
distances (Å) and angles (°): Zn(1)-S(1), 2.2965(6); Zn(1)-S(2), 2.2938(6); 
Zn(1)-N(1), 2.0998(18); Zn(1)-N(2), 2.1003(18); S(2)-Zn(1)-S(1), 127.61(2); 
N(1)-Zn(1)-N(2), 77.85(7). 
 
The decomposition of the precursor was first investigated under inert atmosphere. The 
Thermal Gravimetric Analysis (TGA) measured in a nitrogen environment (Figure 3.2) 
showed a weight loss in the region between 230 °C and 360 °C, reaching the final 
plateau at ~ 500 °C. The 19.7% residue weight at 500 °C agrees well with the 
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calculated weight percentage of ZnS in [(2,2’-bpy)Zn(SC{O}Ph)2] (i.e. 19.65%) after 
the loss of all organic fragments.  
 
Figure 3.2 TGA curve of Zn(TB)2-bpy precursor in a nitrogen environment. 
 
I thus attempted to decompose the Zn(TB)2-bpy precursor prepared above in the 
presence of a capping reagent. It has been reported that amine could play dual role to 
cap the nanoparticles as well as to facilitate the breaking down of thiobenzoate-type 
of precursors, via an initial attack onto the carbonyl carbon and thus weakening the 
C-S bond.31,32 A long chain amine, HDA, was thus added and it was found that the 
precursor could be decomposed readily at lower temperatures, ~ 280 °C. The products 
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were of high quality and crystallinity. After performing some optimization 
experiments, I discovered that the shape and phase of the ZnS product could be varied 
by the addition of ODE as well as by injecting the precursor dissolved in a 1:1 
mixture of TOP and OLA into hot HDA+ODE. The details of characterization of these 
products will be discussed in Section 3.2 and their optical properties are compared in 
Section 3.3. 
 
3.2  Shape- and phase-controlled syntheses of ZnS nanorods and 
nanoparticles 
 
Figure 3.3 shows the TEM images of ZnS nanorods prepared with Zn(TB)2-bpy 
precursor and HDA at 280 °C. From Figure 3.3a to Figure 3.3d, it can be seen that 
when the ratio of HDA to precursor increased, the shape of nanorods gradually 
changed from short and thick rods to long and thin rods. At a ratio of 
[HDA]/[precursor] = 5, nanorods with average size of 6.4 x 4.1 nm were accompanied 
by some near-spherical nanoparticles as shown in Figure 3.3a. When the ratio was 
increased to 10, nanorods became the dominant shape (Figure 3.3b), with an average 
length of 10.4 nm and diameter of 3.7 nm. At even higher [HDA]/[precursor] ratios of 
20 and 40, the nanorods were found to further increase in length but reduce in 
diameter (Figure 3.3c and Figure 3.3d respectively). The average length and diameter, 
as well as the aspect ratio, were listed in Table 3.1 for comparison. Wider dispersion 
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in the length of nanorods was noted for samples prepared with high HDA ratios. 
 
 
Figure 3.3 TEM images of ZnS nanorods prepared at different [HDA] to [precursor] 
ratios. Insets: HRTEM images of each sample. 
 
Table 3.1 Summary of the average lengths and diameters of ZnS nanorods prepared at 
different [HDA] to [precursor] ratios. 
[HDA]:[precursor] Length (nm) Diameter (nm) Aspect ratio  
5:1 6.4±1.2 4.1±0.8 1.6±0.4 
10:1 10.4±2.2 3.7±0.7 2.9±0.9 
20:1 10.6±1.6 3.5±0.7 3.2±0.9 
40:1 13.2±5.4 1.7±0.5 8.3±4.0 
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HRTEM images were used to find out the growing direction of the nanorods. In the 
insets of Figure 3.3b, c and d, clear lattice planes that are perpendicular to the longer 
axis of the nanorods were observed in all the three samples. The measured spacing of 
the planes is 0.303 nm, 0.311 nm and 0.300 nm for Figure 3.3b, c, and d, respectively. 
These interplanar distances may be assigned to the {111} planes in the cubic 
sphalerite ZnS (0.3123 nm) or the {002} planes (0.3129 nm) and {101} planes 
(0.2926 nm) in the hexagonal wurtzite ZnS. XRD and electron diffraction analyses are 
used to further confirm these assignments.  
 
Figure 3.4 shows the XRD patterns of the ZnS nanorods prepared with different 
[HDA] to [precursor] feed molar ratios. When the feed ratio is at 5 and 10 (Figure 
3.4a and Figure 3.4b respectively), the XRD patterns can be indexed as sphalerite ZnS. 
When the feed ratio increased to 20 (Figure 3.4c), a new peak at 2θ = 52° appeared, 
which is the characteristic (103) peak for wurtzite-phase ZnS. At an even higher 
[HDA] to [precursor] ratio of 40 (Figure 3.4d), another two characteristic peaks, (100) 
peak at 26.9° and (101) peak at 30.5°, of wurtzite ZnS also became distinct, indicating 
a phase transition from sphalerite to wurtzite. 
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Figure 3.4 XRD patterns of ZnS nanorods prepared at [HDA] to [precursor] ratio of 
(a) 5, (b) 10, (c) 20, and (d) 40. The vertical sticks in (a) and (d) are the standard 
diffraction lines of bulk cubic sphalerite ZnS (JCPDS 05-0566) and hexagonal 
wurtzite ZnS (JCPDS 36-1450) respectively. 
 
In Figure 3.5, selected area electron diffraction (SAED) patterns of the nanoparticles 
confirm this observation. Based on the d values calculated from the diameter of each 
diffraction ring, three sets of diffraction rings in Figure 3.5a were assigned to the 
(111), (220) and (331) planes of cubic sphalerite ZnS. In Figure 3.5b, however, a 
distinctively different ring pattern was observed. The (103) ring of hexagonal ZnS 
was clearly visible, confirming the wurtzite structure of the nanorods. Thus, the ~ 0.3 
nm interplanar distance observed in Figure 3.3b can be assigned to the (111) planes of 
the cubic sphalerite ZnS and that in Figure 3.3c and 3.3d to the (002) planes of the 
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hexagonal wurtzite ZnS. The latter indicates that the long axis of the nanorods in 
Figure 3.3c and Figure 3.3d is along the [002] direction, which is likely to be the 
growth direction of the nanorods. Similarly in Figure 3.4d, the relative height of the 
(002) XRD peak to the other peaks was much larger compared with that in the 
standard bulk patterns, indicating that the nanocrystals were elongated along the [002] 
direction which is also the c-axis of the hexagonal phase.  
 
 
Figure 3.5 SAED patterns of ZnS nanorods prepared at the [HDA] to [precursor] ratio 
of (a) 10 and (b) 40. 
 
It has been found that, by adding a non-coordinating solvent ODE into the above 
reaction system, near-spherical nanoparticles of 3.8±0.6 nm were obtained instead as 
shown in Figure 3.6a. At the same temperature, near-spherical ZnS nanoparticles with 
slightly larger size (Figure 3.6b) were also obtained by injection method, when the 
precursor dissolved in a 1:1 mixture of TOP and OLA was injected into a hot 
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HDA+ODE solution. The reaction conditions and average sizes of the samples are 
summarized in Table 3.2. XRD patterns of both these samples in Figure 3.7 confirm 
their cubic sphalerite crystal phase. Characteristic (103) diffraction peak of the 
wurtzite phase could hardly be detected. 
 
 
Figure 3.6 TEM images of ZnS nanoparticles synthesized in (a) HDA and ODE, or (b) 
by injection method using TOP and OLA as the precursor solvents. 
 
Table 3.2 Average sizes of ZnS nanoparticles prepared with different methods. 
Preparation 






Direct heating in 




7.6:1 9.5:1 280 4.2±0.5 
a The [TOP (or OLA)] to [precursor] ratio of 3 was used. 
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Figure 3.7 XRD patterns of ZnS nanoparticles prepared with (a) ODE and (b) 
TOP+OLA at the conditions listed in Table 3.2. The vertical sticks are the standard 
diffraction lines of bulk cubic sphalerite ZnS (JCPDS 05-0566). 
 
From the above results, it is clear that the organic media used in the reaction can 
affect both the shape and the crystal phase of the ZnS nanocrystals. In the one pot 
synthesis with pure HDA, nanorods of different aspect ratios and crystal structures 
were obtained. When ODE was added into the system, the shape of nanocrystals 
changed to spheres. In the injection method, spherical nanoparticles were formed as 
well. Based on these observations, we can deduce that sufficient concentration of 
HDA seems to contribute to the formation of nanorods. 
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For the shape evolution of CdSe nanocrystals, Peng et al.33 have proposed that, at 
high monomer concentrations, nanocrystals grow exclusively along the c-axis of the 
wurtzite structure, making this the long axis of the nanorods. They further observed 
that nanocrystals grow uniformly in three dimensions at intermediate monomer 
concentrations. In our laboratory, we have confirmed earlier that HDA acts as a 
nucleophilic attacking reagent and assists in the breakage of S-C bond in the 
precursor.31,32,34 At high HDA concentration, the decomposition rate will be increased 
and the monomer concentration is expected to be high in my synthesis. Both these 
situations lead to the formation of elongated nanorods.  
 
The formation of ZnS into different crystal phases can be explained in relation to the 
rotational isomerism of these two crystal phases as shown in Figure 3.8. The 
sphalerite structure has a staggered conformation with less steric hindrance and is thus 
the thermodynamically stable phase. The wurtzite structure has an eclipsed 
conformation and is a kinetically stable phase. It is electronically favored due to the 
electrostatic interaction between zinc and sulfur atoms when ZnS monomers approach 
onto the crystal surface. At [HDA] to [precursor] ratio of 40, the rate of reaction is 
relatively high. The fast nucleation deprives the monomers a chance to adjust their 
conformation to minimize the steric hindrance so that electronic effects play the main 
role when forming the crystals. Under such a kinetically driven regime, the eclipsed 
conformation is favored and the resultant ZnS nanocrystals have a hexagonal wurtzite 
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structure. This is similar to the observation by Li and co-workers.30 When [HDA] to 
[precursor] ratio is lowered, the rate of reaction is slower. This leaves the monomers 
enough time to adjust their conformation to minimize the large steric hindrance when 
forming the crystals. As a result, staggered conformation is favored and the resultant 
ZnS nanocrystals have a cubic sphalerite structure. It is worth noting that no aging 
step is required in the formation of uniform cubic ZnS nanorods in this reaction, 
although prolonged aging in OLA is required for the formation of cubic ZnS nanorods 
by oriented attachment.22 
 
Figure 3.8 The unit cells of (a) sphalerite and (b) wurtzite crystal structures of ZnS. 
Viewed from the direction of the dashed lines, (c) the sphalerite structure has a 
staggered conformation and (d) the wurtzite structure has an eclipsed conformation.35 
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The above explanation is further confirmed when the non-coordinating solvent ODE 
was introduced into the reaction mixture. As ODE diluted the reaction solution, the 
rate of reaction and the monomer concentration was expected to decrease hence the 
formation of spherical cubic sphalerite ZnS nanocrystals was favored. As a controlled 
experiment, I repeated the reactions at [HDA]/[precursor] = 40 (where hexagonal 
wurtzite nanorods are supposed to form) by gradually increasing the amount of ODE 
added. The shape changes from rods to spheres as expected (Figure 3.9a-d), and an 
accompanying crystal phase change from hexagonal wurtzite to cubic sphalerite is 
also detected in Figure 3.10a-d. 
 
 
Figure 3.9 TEM images of ZnS nanocrystals prepared with different amounts of ODE 
at [HDA] to [precursor] ratio of 40.  
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Figure 3.10 XRD patterns of ZnS nanocrystals prepared with different amounts of 
ODE at [HDA] to [precursor] ratio of 40. (a) 0.1 mL ODE; (b) 0.5 mL ODE; (c) 1.0 
mL ODE; and (d) 2.5 mL ODE. The vertical sticks in (a) and (d) are the standard 
diffraction lines of bulk hexagonal wurtzite ZnS (JCPDS 36-1450) and cubic 
sphalerite ZnS (JCPDS 05-0566) respectively. 
 
On the other hand, the situation differs when TOP and OLA were used as the 
precursor solvents in the injection procedure. As a coordinating solvent, TOP can 
stabilize the precursor and therefore is expected to slow down the decomposition. As 
the monomer concentration is also lowered, spherical cubic nanocrystals are obtained. 
It is noted here that OLA was used because the solubility of the precursor in TOP 
alone is poor, and also because OLA is a liquid and much easier to handle as a 
precursor solvent for injection. Controlled experiments with different relative amounts 
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of TOP to OLA were attempted. As shown in Figure 3.11, when less TOP was used, a 
large proportion of the nanoparticles still remain as elongated nanorods as the case in 
pure HDA. With more TOP, the resultant nanoparticles become more spherical. All 
three samples in Figure 3.11 have cubic sphalerite phase.  
 
 
Figure 3.11 TEM images of ZnS nanoparticles prepared from using varied molar 
ratios of TOP to OLA in the injection solution: (a) 0.5:1, (b) 1:1 and (c) 2:1. 
 
3.3  Optical properties of ZnS nanorods and nanoparticles 
 
In this section, the absorption and photoluminescence (PL) properties of the prepared 
ZnS nanocrystals were investigated. Figure 3.12 shows the absorption and PL spectra 
of ZnS nanorods prepared at different [HDA] to [precursor] ratios. The absorption 
peaks of the samples in Figure 3.12a-d are found at 315 nm, 315 nm, 310 nm, and 300 
nm, respectively (labeled with arrows). All these absorption edges are blue-shifted 
from the bulk ZnS bandgap (~ 3.68 eV, or 338 nm) due to quantum confinement effect. 
The absorption edges also blue-shifted slightly from sample in Figure 3.12a to that in 
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Figure 3.12d in a consistent trend of decreasing diameters of the nanorods as shown in 
Table 3.1.  
 
The PL spectra of the four samples revealed similar trend as in the bandgap emission 
of ZnS. As shown in Figure 3.12, the bandgap emissions occur at 331 nm, 329 nm, 
328 nm and 321 nm in Figure 3.12a-d respectively. All peaks are slightly red-shifted 
from their corresponding absorption peaks, with an energy difference known as 
Stokes shift. There is another broad peak of lower intensity at around 420 nm 
observed in all samples. This is often assigned to sulfur vacancies or zinc vacancies 
according to the literature30,36,37. In my samples, it arises mainly from zinc vacancies 
since my samples are found to be richer in sulfur by elemental analysis.  
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Figure 3.12 UV-vis absorption (dashed lines) and PL emission (solid lines, excitation: 
250 nm) spectra of ZnS nanorods prepared at varied [HDA] to [precursor] ratios: (a) 5, 
(b) 10, (c) 20, and (d) 40. 
 
In Figure 3.13, the UV-vis absorption and PL emission spectra of ZnS nanoparticles 
prepared by injection method using varying amounts of TOP and OLA are presented. 
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An interesting observation is that the PL spectra of ZnS nanoparticles prepared with 
more TOP shows a stronger defect peak (at 400-450 nm) comparatively. This seems to 
be a result of the slower decomposition as well as a poorer surface passivation caused 
by TOP. Investigation into the nature of this defect emission is currently ongoing 
through temperature-dependent TR-PL and transient absorption measurements. 
 
 
Figure 3.13 UV-vis absorption (dashed lines) and PL emission (solid lines, excitation: 
280 nm) spectra of ZnS nanoparticles prepared by injecting TOP+OLA solutions 
containing the precursor into HDA and ODE mixture with the [TOP]:[OLA] ratio at 
(a) 0.5:1, (b) 1:1 and (c) 2:1. 
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3.4  Summary 
 
In summary, ZnS nanocrystals of different shapes and crystal structures were 
successfully synthesized by decomposing Zn(TB)2-bpy precursor in different  
organic media. Reaction in pure HDA resulted in rod-shaped nanocrystals due to the 
fast reaction rate and high monomer concentration. The aspect ratio of nanorods 
increased with the [HDA] to [precursor] ratio, accompanied by a crystal structure 
change from cubic sphalerite to hexagonal wurtzite. When non-coordinating solvents 
or stabilizing reagents were used, spherical nanoparticles of cubic sphalerite structure 
were formed as a result of a slower reaction rate and lower monomer concentration. 
 
The optical properties of the ZnS nanocrystals were studied. All samples displayed 
blue-shifted bandgap compared to the bulk ZnS due to quantum confinement effect. 
Bandgap emission dominated in all the samples while a low intensity defect emission 
was also present. Since the shapes and the phases of the nanocrystals can be easily 
altered by changing the experimental condition, ZnS nanocrystals synthesized from 
this simple method provides a good system for the study of energy and charge transfer 
in semiconductor nanomaterials of different morphologies and structures.    
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Chapter 4 
Synthesis and Optical Study of ZnS:Mn Nanoparticles and 
ZnS:Mn/ZnS Core/shell Nanostructures 
 
4.1  A brief review on Mn2+-doped ZnS nanomaterials 
 
Doping ZnS nanocrystals with Mn2+ ions allows them to emit in the orange region of 
the visible light spectrum and opens up its potential for applications in 
electroluminescent displays,1-6 spintronics7 and biomedical labeling.6,8 As illustrated 
in Figure 4.1, the ZnS host absorbs photons with energy close to (or above) its 
bandgap. An electron-hole pair is generated and the energy of this electron-hole pair 
can transfer to the electronic levels of the Mn2+ ions via a non-radiative route. 
Recombination at the Mn2+ center occurs through the 4T1  6A1 transition which 
leads to an emission at ~ 590 nm. On the other hand, the above electron-hole pair may 
also relax to the defect states of ZnS to generate defect emission at 400-500 nm.   
 
The optical dynamics of Mn2+-doped ZnS (denoted as ZnS:Mn hereafter) 
nanomaterials has been a subject of much interest. The first report on the emission 
lifetime of ZnS:Mn nanoparticles was given by Bhargava et al.9 in 1994. They 
measured a ~ 20 ns lifetime for the Mn2+ emission at 590 nm which was significantly 
(5 orders of magnitude) shorter than the millisecond lifetime in the bulk ZnS:Mn.  
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Figure 4.1 A schematic energy diagram indicating important energy transfer 
processes in Mn2+-doped ZnS nanocrystals.  
 
They explained this lifetime shortening on the basis of the interaction of s-p electronic 
states of the host and the d-electron states of the dopants. They also claimed that 
doped semiconductor nanoparticles were a new class of luminescent materials 
considering this shortened lifetime and the high luminescence efficiencies.10 However, 
over the following decade, several studies have questioned this claim. In 1998, Bol et 
al. reported their observation of both a short ~ 100 ns decay time and a 1.9 ms decay 
time for nanocrystalline ZnS:Mn of an average size of 4 nm.11 They ascribed the short 
decay time to a defect-related emission of ZnS and the 1.9 ms decay time to Mn2+ 
emission. This Mn2+ decay time is identical to that reported for bulk ZnS:Mn within 
the experimental error,12 showing no sign of lifetime shortening. In the following year, 
Murase et al.13 reported a ~ 1 ms decay time for the orange emission of ZnS:Mn 
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crystallites of an average diameter of 4 nm. They also observed a weak fluorescent 
component with fast kinetics in this region and identified it as the tail of the blue 
emission from Zn2+ vacancy in the ZnS. 
 
In 2000, Smith et al.14 measured the lifetime of 1.2 nm sized ZnS:Mn nanoclusters in 
picosecond, nanosecond and millisecond time scales. They observed a larger 
amplitude ps-ns component and a smaller amplitude 1-2 ms component for the 600 
nm emission. Based on the comparison between doped and undoped ZnS nanoclusters, 
they attributed the ps-ns component to deep-trap states in ZnS. Similar observations 
were made by Sapra et al.15 and Sookal and co-workers16. In 2001, Chung et al.17 
further distinguished the decay times between surface- and lattice-bound Mn2+ 
luminescence in ZnS nanoparticles by assigning a 0.18 ms decay component to the 
surface-bound Mn2+ and a 2 ms decay components to the lattice-bound Mn2+. More 
recently, results of Godlewski et al.18 showed that the fast and slow components of PL 
decay co-exist in the ZnS:Mn nanocrystals. They demonstrated that the fast decay 
(2-3 orders of magnitude shorter than the slow one) is not a direct property of the 
Mn2+ transition but is a measure of the free-carrier lifetime. They also suggested that 
the fast decay is related to spin dependent magnetic interactions between localized 
spins of Mn2+ ions, and also those between Mn2+ ions and the spins/magnetic 
moments of free carriers. Such an interaction is significantly enhanced in 
nanostructures.19 Chen et al.20 also recently reported that the short nanosecond 
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component comprises of donor-acceptor-tail emission together with a new fast decay 
emission peaking at 645 nm (detected within the experimental resolution of 0.14 μs). 
In this chapter, I am interested to study the decay kinetics of ZnS:Mn nanomaterials 
with a femtosecond laser and a streak camera system. The latter system will allow us 
to simultaneously access both the spectral and temporal information. 
 
In order to study the optical dynamics of Mn2+ emission in ZnS:Mn, high quality 
ZnS:Mn nanocrystals are desirable. In the literature, ZnS:Mn has been reported in the 
form of 0-D nanoparticles (by co-precipitation,21-24 hot injection,25 microemulsion,26,27 
reversed micelle,28 sonochemistry,29 solid state reaction,30,31 liquid-solid-solution 
method (LSS),32 or polymer-assisted sythesis33,34), 1-D nanorods/wires/belts/ribbons 
(by self-assembly,35 thermal evaporation,36,37 or Chemical Vapor Deposition 
(CVD)38,39), and 2-D nanocrystallined thin films (by sol-gel synthesis,40, wet chemical 
route,41 spray phyrolysis,42 CVD,43-45 Successive Ionic Layer Adsorption and Reaction 
(SILAR),46 or molecular beam epitaxy (MBE)47). For all the above methods, one 
crucial topic is the extent of incorporation of Mn2+ ions into the ZnS crystal lattices. 
In most studies mentioned above, the manganese and zinc co-exist in the starting 
materials by mixing either two metal salts or two organometallic precursors prior to 
the reaction.  
 
In a recent paper, Peng’s group brought up the concept of “nucleation-doping” and 
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“growth-doping” which decouples doping from nucleation and/or growth process.48 In 
nucleation-doping, dopant and host precursor are mixed together during the 
nucleation. After nucleation, the reaction conditions are tuned to be sufficiently mild 
to make the dopant precursors inactive, and the growth of the host becomes the only 
process and overcoats the dopants. In growth-doping strategy, on the other hand, the 
formation of the small host nanocrystals occurs first and is quenched by lowering the 
reaction temperature. At a different condition, active dopant precursors are introduced 
and doping occurs without the growth of the host. Nucleation-doping produces 
center-doped nanocrystals while growth-doping results in surface-doped or 
internal-doped nanocrystals (in the latter case, the host is further grown onto the 
doped layer). By applying this concept, they managed to prepare Cu2+- and 
Mn2+-doped ZnSe nanocrystals of bright luminescence and thermal stability.8,48,49 
 
In doped nanoparticles, surface passivation is important for achieving a relatively high 
dopant photoluminescence. On one hand, a large percentage of the dopant ions would 
be exposed to the surface when the size of the particle is in the nanometer regime. 
These surface exposed dopants could result in inefficient energy transfer and lower 
the photoluminescence quantum yield. On the other hand, as an intrinsic property of 
nanoparticles, a large amount of surface defects would arise due to the large 
surface-to-volume ratio in a nanoparticle. Those defects can also serve as competitive 
routes for the energy transfer to the dopants therefore lower the dopant emission 
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intensity. In order to enhance the photoluminescence of the doped nanocrystals, two 
attempts are common: 1) improved enclosure of dopants inside the nanocrystal lattice; 
2) elimination of surface defects. Both of these approaches can be realized by coating 
the doped nanoparticles with isocrystalline semiconductor shells.50  
 
For ZnS:Mn nanocrystals, coating a layer of ZnS shell has been proven a good way to 
improve their photoluminescence.51-54 After coating the ZnS shell, the nanocrystals 
may be denoted as ZnS:Mn/ZnS core/shell nanostructures. It is generally believed that 
ZnS shell passivates the surface defects on the ZnS:Mn nanocrystals and reduces the 
non-radiative recombination at these defect states that competes with energy transition 
to Mn2+. For example, by growing a 0.75 nm thick ZnS shell onto the surface of 4.3 
nm ZnS:Mn nanoparticles prepared in reverse micelles, Mn2+ emission at 580 nm in 
the coated nanoparticles was seven times stronger than that in the uncoated one.51 In 
ZnS:Mn, the radiative combination mainly occurs on the isolated Mn2+ ions in the 
tetrahedral site of the ZnS lattice. At a high Mn2+ doping concentration, undesirable 
formation of Mn-Mn clusters would result in quenching of the dopant emission. 
Results from microwave-assisted growth of ZnS:Mn/ZnS nanoparticles also showed 
that growth of ZnS shell not only facilitated the diffusion of Mn2+ ions during 
microwave irradiation, but also prohibited the segregation of Mn2+ ions on the particle 
surface. As a result, more isolated Mn2+ ions were produced after the growth of the 
ZnS shell, and thus the orange luminescence was greatly enhanced.53 
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In this chapter, I thus attempted to synthesize ZnS:Mn nanocrystals (Section 4.2) and 
also the ZnS:Mn/ZnS core/shell nanostructures (Section 4.3) using the synthetic 
methodology developed in Chapter 3. The optical properties of these doped and 
core/shell nanocrystals were studied with steady-state PL and time-resolved PL 
(TR-PL).  
 
4.2  Synthesis and study of ZnS:Mn nanoparticles 
 
The host material, ZnS nanocrystals, were synthesized by the decomposition of 
[(2,2’-bpy)Zn(SC{O}Ph)2] following the methods described in Chapter 2. ZnS:Mn 
nanoparticles with different Mn2+ concentration were produced in various ligand 
environments by adding different amounts of MnCl2.4H2O into the ZnS reaction 
solution. It is important to obtain a homogeneous mixture of MnCl2 and the precursor 
prior to the reaction. From a synthetic point of view, this method is similar to the 
“nucleation-doping” strategy in Peng’s paper49. The final doping concentration in the 
ZnS:Mn nanoparticles (i.e. Mn over the sum of Mn and Zn) was determined by 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). The result 
showed that ~ 50% of the Mn2+ added in the feed was incorporated into the final 
product. The morphologies and structures of the prepared nanoparticles were studied 
by TEM, XRD and X-ray absorption fine structure (XAFS) techniques as detailed 
below. 
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4.2.1 Morphology and structural studies of ZnS:Mn nanoparticles 
 
From TEM analysis, ZnS:Mn nanoparticles (Mn2+ mol% = 1.4%) prepared in pure 
HDA resembled the rod-like shape of their undoped counterpart (Figure 4.2a). 
ZnS:Mn nanoparticles prepared from the direct heating in HDA+ODE (Figure 4.2b, 
Mn2+ mol% = 2.5%) and by injection from the mixture of TOP and OLA (Figure 4.2c, 
Mn2+ mol% = 3.2%), however, have a near-spherical shape with some irregular 
particles present. These two latter samples also have slightly larger sizes and wider 
size-distributions than their undoped counterparts (see Figure 3.6), indicating that 
particle nucleation and growth may have been affected by the Mn2+-doping. 
 
 
Figure 4.2 TEM images of ZnS:Mn nanoparticles prepared in (a) pure HDA 
([HDA]/[precursor] = 20), (b) HDA+ODE, or (c) by injection method from 1:1 
mixture of TOP+OLA. Details of synthesis are described in Chapter 2.  
 
The effect was further demonstrated by a series of samples prepared in pure HDA 
with increasing Mn2+-doping concentration. At [HDA] to [precursor] ratio = 20, 
mainly nanorods would form in the undoped cases as shown in Figure 4.3a. However, 
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when the Mn2+ mol% was increased to 3.3% (Figure 4.3c), the aspect ratio of the 
nanorods decreased noticeably. When the Mn2+ mol% was further increased to 6.5%, 
the shape of the nanocrystals became near-spherical as indicated in Figure 4.3d. Such 
a dramatic reduction in the aspect ratio may be attributed to the perturbation of 
MnCl2.4H2O on the kinetics of the reaction.  
 
The XRD patterns of ZnS:Mn samples prepared in different media are shown in 
Figure 4.4. It was found that the doped samples tend to adopt the same phase as in the 
undoped counterparts. Thus, even highly doped nanoparticles (Mn2+ mol% = 5.9%) 
prepared in pure HDA remain in hexagonal wurtzite structure. Whereas the two 
lightly-doped (Mn2+ mol% = 2-3%) samples prepared in HDA+ODE or by injection 
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Figure 4.3 TEM images of (a) ZnS nanorods, and ZnS:Mn nanorods with different 
Mn2+ mol%: (b) 1.4%, (c) 3.3%, and (d) 6.5%. All samples were prepared at 
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Figure 4.4 XRD patterns of ZnS:Mn nanoparticles prepared in (a) pure HDA with 
[HDA]/[precursor] = 20, (b) HDA+ODE, or (c) by injection from 1:1 mixture of TOP 
+OLA. The vertical sticks in (a) and (c) are the standard diffraction lines of bulk 
hexagonal wurtzite ZnS (JCPDS 36-1450) and cubic sphalerite ZnS (JCPDS 05-0566) 
respectively. 
 
The effect of doping concentration on the structure of ZnS:Mn nanoparticle prepared 
by injection from the TOP+OLA mixture was demonstrated in Figure 4.5, with XRD 
pattern of undoped ZnS also plotted for comparison. At Mn2+ concentration of 2.6 
mol%, 6.2 mol% and 9.6 mol%, all nanoparticles exhibit XRD patterns of cubic 
sphalerite with no strain-induced shift in the peak positions. However, the peaks in the 
doped samples are broadened compared to the undoped one, and the broadening 
appears to be independent of the diffraction angle 2θ. Such a broadening in XRD 
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patterns is normally attributed to the finite size of crystallites. However in this case, 
the sizes of all doped samples are slightly larger than that of the undoped one 
according to TEM analysis. Hence, the broadening may instead be attributed to the 
possibility of the co-existence of hexagonal wurtzite phase in the doped samples, 
especially in the highly doped ones. This observation, together with that in Figure 4.3, 
suggests that doping affects the reaction kinetics, and thus leads to a change in the 
morphology and structure of the resultant nanoparticles.  
 
Figure 4.5 XRD pattern of ZnS:Mn nanoparticles with Mn2+
 
 mol% at (a) 0, (b) 2.6%, 
(c) 6.2% and (d) 9.6%. The vertical lines in (a) and (d) are the standard diffraction 
lines of bulk cubic sphalerite ZnS (JCPDS 05-0566) and hexagonal wurtzite ZnS 
(JCPDS 36-1450) respectively. 
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Local structural information on the doped Mn2+ ions in the lattice can be obtained by 
analyzing the Mn K-edge XAFS. The XAFS data of ZnS:Mn nanoparticles with 
different Mn2+-doping concentrations are presented in Figure 4.6 and Table 4.1. By 
comparing the chemical shift to the reference samples (i.e. bulk MnS, MnO and 
Mn2O3), it was confirmed that the oxidation state of the doped Mn is close to +2.  
 
Figure 4.6 XAFS and FT-XAFS magnitude for ZnS:Mn nanoparticles with Mn mol% 
at (a) 2.4%, (b) 8.0%, and (c) 15.2%. 
 
In Table 4.1, a comparison of the fitted XAFS parameters of samples with Mn2+ 
doping concentrations of 2.4 mol%, 8.0 mol% and 15.2 mol% revealed the following 
trend. Firstly, the Mn-S distance is decreasing with Mn2+ concentration but always 
slightly larger than the Zn-S distance in cubic sphalerite ZnS. A larger Mn-S distance 
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indicates a local lattice expansion caused by Mn2+ doping. This is expected since the 
ionic radius of Mn2+ is larger than that of Zn2+. This expansion also induces a local 
lattice distortion, as seen from the much broadened band in the Fourier transform (FT) 
spectra. Secondly, the Mn-S coordination number is 4.8 for both samples with doping 
level of 2.4 mol% and 8.0 mol%, but is only 4.0 when the doping level was 15.2 
mol%. While the theoretical coordination number in Mn2+-doped ZnS should be 4.0, 
the large coordination number in the 2.4 mol%- and 8.0 mol%-doped samples is 
probably caused by the formation of Mn-N bond between the Mn2+ on the surface of 
the nanocrystals and the ligand (HDA in this case), or Mn-O bond due to oxidization 
on the surface.55 Both N and O are detected in these samples by X-ray photoelectron 
spectroscopy (XPS) measurements, but they are difficult to be resolved in XAFS due 
to their similar scattering factor. Moreover, the signal-to-noise ratio of the XAFS 
spectra was not good enough at the higher K range, hence a sophisticate data fit 
employing both the Mn-S and Mn-N (or Mn-O) parameters could not be done. Thus I 
will only discuss qualitatively the coordination number in the first shell fitted to the 
Mn-S. In the 2.4 mol% and 8.0 mol% Mn2+-doped samples, the overall fitted 
coordination number of Mn-S is ~ 4.8. This is higher than the theoretical value and I 
propose that a certain amount of Mn-N or Mn-O bonds could have been formed on 
the surface due to binding with HDA or oxidization. The Mn2+ ions in MnO have an 
octahedral geometry with nearest neighboring oxygen at a coordination number of 6. 
On the other hand, when the doping concentration was 15.2 mol%, more Mn2+ ions 
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were embedded inside the particles and replaced the Zn2+ lattice ions, or Mn2+
 
 ions 
might form Mn-Mn clusters as well. As a result, the overall coordination number was 
decreased to 4.0.  
Table 4.1 XAFS parameters determined from fitting the XAFS data as shown in 
Figure 4.6 in real space. 
Mn mol% 2.4 % 8.0 % 15.2 % ZnS 
Mn-S distance (Å) 2.40 2.35 2.35 2.31 (Zn-S) 
Mn-S coordination number 4.8 4.8 4.0 4.0 (Zn-S) 
σ2 Mn-S (Å2 0.018 ) 0.012 0.012 - 
 
4.2.2 Optical properties of ZnS:Mn nanoparticles 
 
Figure 4.7 shows the PL emission spectra of ZnS:Mn nanoparticles prepared at 
different conditions. The Mn2+ doping level was maintained to be almost the same in 
all samples, i.e. 2.4 - 2.6 mol%. The bandgap emission of ZnS host was observed in 
all three samples at the wavelength ranging from 335 to 340 nm, which is red-shifted 
from their absorption bandgap. A second emission peak at ~ 590 nm was also 
observed in all doped samples. This emission peak is attributed to the 4T16A1 
transition at the Mn2+ dopant centers. PL excitation spectra revealed that the highest 
Mn2+ emission could be obtained with the excitation of ~ 320 nm. This wavelength is 
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very close to the respective ZnS host bandgap wavelength, which agrees with the 
mechanism that the Mn2+ emission arises from energy transferred from the host to the 
Mn2+ d-electron states. It is also noticed that the intensity ratio of the bandgap 
emission and the Mn2+ emission varied in nanoparticles prepared at different 
conditions, although their Mn2+ mol% is almost the same. Such a difference suggests 
that preparation conditions have also affected their optical properties. 
 
 
Figure 4.7 PL emission spectra of ZnS:Mn nanoparticles prepared in (a) pure HDA, 
(b) HDA and ODE, or (c) by injection from 1:1 mixture of TOP+OLA. Excitation 
wavelength: 250 nm. 
 
To study the effect of doping concentration on the PL of the host crystals, the 
intensity of the ZnS bandgap emission as well as the defect emission from samples 
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with different Mn2+ mol% were compared. Figure 4.8 shows the emission spectra of 
0% (undoped), 2.6 mol% and 8.0 mol% Mn2+-doped ZnS nanoparticles in the 
300-480 nm range at excitation of 280 nm. The intensity was normalized with 
absorption at 280 nm for comparison. It can be seen that the intensity of the ZnS 
bandgap emission significantly dropped in doped samples compared with the undoped 
one. This suggests that doping of Mn2+ created an additional energy transfer route 
therefore reduces the recombination of excitons at the ZnS bandgap. When the Mn2+ 
doping concentration increased from 2.6 mol% to 8.0 mol%, a further decrease in the 
340 nm emission was observed. On the other hand, the weak 420 nm defect emission 
stayed at a similar level upon Mn2+-doping, and slightly dropped when the doping 
concentration was increased from 2.6 mol% to 8.0 mol%. This indicates that the 
defect states may also participate in the energy transfer to the Mn2+ sites when the 
doping level is high. 
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Figure 4.8 Normalized PL emission spectra of ZnS nanoparticles (solid line), 
ZnS:Mn nanoparticles with Mn2+
 
 mol% at 2.6% (dashed line) and 8.0% (dotted line). 
Excitation wavelength: 280 nm. 
To study the effect of doping concentration on the intensity of the Mn2+ emission, PL 
quantum yield (QY) of the ~ 590 nm emission was measured using quinine sulfate as 
a standard at excitation of 335 nm. Figure 4.9 shows the plots for the determination of 
PL QY of ZnS:Mn nanoparticles with different Mn2+ mol%, and the calculated results 
are summarized in Table 4.2. A plot of the quantum yield against varying doping 
concentration of Mn2+ is then shown in Figure 4.10. The highest quantum yield was 
obtained at 0.45 mol% Mn2+ doping (with respect to the sum of [Mn2+] and [Zn2+]), 
implying that efficient emission can only be achieved at a very dilute doping level. 
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Figure 4.9 Plots of the integrated PL intensity versus absorbance for (a) quinine 
sulfate and (b) ZnS:Mn nanoparticles with Mn2+
 
 mol% at 0.45%, 2.6%, 3.5%, 8.0% 
and 9.6%. 
When the Mn2+ mol% increases, the Mn2+ emission decreased remarkably. The reason 
for such PL concentration quenching probably lies in the Mn-Mn cluster formation at 
high Mn2+ concentration.56 Such Mn-Mn clusters can quench the ZnS bandgap 
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emission but give no Mn2+ emission.55 Thus, the sample with Mn2+
 
 concentration of 
2.6 mol% was chosen for TR-PL measurements discussed below. 
Table 4.2 Summary of QY results determined from Figure 4.9. 
 Grad η QY (%) 
Quinine sulfate 1.90083E11 1.3330 54.6 
ZnS:Mn (0.45 mol%) 7.40149E9 1.3749 2.3 
ZnS:Mn (2.6 mol%) 4.76244E9 1.3749 1.5 
ZnS:Mn (3.5 mol%) 3.79077E9 1.3749 1.2 
ZnS:Mn (8.0 mol%) 2.22312E8 1.3749 0.068 
ZnS:Mn (9.6 mol%) 2.43782E7 1.3749 0.0075 
 
 
Figure 4.10 QY of Mn2+ emission as a function of Mn2+
 
 doping concentration (i.e. 
[Mn]/([Mn]+[Zn]) mol% calculated from ICP-OES results). Excitation wavelength: 
335 nm. 
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In the TR-PL measurement, the nanoparticles were dissolved in hexane and deposited 
as a film by dropping the solution onto a quartz slide that dry at ambient condition. 
The PL decay lifetime distributions were fitted using a commercial MEMfit 
software57 which is based on the Maximum Entropy Method (MEM) formalism. 
MEMfit uses a unique logarithmic histogram technique to perform the decomposition 
of curve to exponential components to yield its spectrum. With careful input of the 
fitting parameters, MEM is a robust lifetime analysis solution that utilizes a broad 
window of decay terms for fitting through the simultaneous minimization of the χ2
  
 
goodness-of-fit parameter and maximization of a statistical entropy function.  
Figure 4.11 shows the 3-dementional (3-D) and 2-D streak camera images of TR-PL 
of 2.6 mol% Mn2+-doped ZnS nanoparticles in the millisecond timescale. An emission 
peak centered at ~ 590 nm can be clearly seen from the 2-D image (Figure 4.11 inset), 
which is the characteristic emission of Mn2+ 4T1  6A1 transition. The luminescence 
decay curve extracted from the emission peak (at 590 nm) is shown in Figure 4.12. 
From the MEM fits, two lifetime distributions were found of which their average 
lifetimes are: τ1 = 0.5 ± 0.2 ms and τ2 = 2.4 ± 0.8 ms. These measured lifetimes are in 
agreement with those reported by other authors.11,14,17 It has been proposed13 that 
these average lifetimes correspond to those of the surface- and lattice- bound Mn2+ 
ions respectively. 
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Figure 4.11 3-D streak camera image of the 2.6 mol% Mn2+-doped ZnS nanocrystals 
showing the Mn2+ emission (centered at ~ 590 nm) after excitation with 330 nm 
pulses at a repetition rate of 50 Hz (Excitation power: 40 mJ/cm2
 
). Inset shows the 
2-D image of the same emission. 
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Figure 4.12 Luminescence decay curve extracted from the emission peak at 590 nm 
in Figure 4.11 and fitted using MEMfit. The measured instrument response was also 
plotted for comparison. Inset shows the distribution of lifetimes for this decay where 
the 0.07 ms peak is attributed to the instrument response. 
 
I then went on to search for nanosecond decay lifetime of the sample, with the 
objective to verify the controversy issues in the literature regarding fast decay kinetics 
in ZnS:Mn nanoparticles. Figure 4.13 shows the streak camera images of the 2.6 
mol% Mn2+-doped ZnS nanocrystals in the nanosecond timescale. A broad emission 
band centered at 465 nm was observed at this timescale. This emission is assigned to 
the surface defect states in ZnS.58,59 A closer look into the 550 nm to 650 nm range 
(Figure 4.13 inset ii) reveals that there is no emission peak at 590 nm at this timescale. 
Only the tail extended from the 465 nm defect state emission band can be observed. 
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Figure 4.14 shows a typical luminescence decay curve extracted from the emission 





Figure 4.13 3-D streak camera image of the 2.6 mol% Mn2+-doped ZnS nanocrystals 
showing a broad ZnS defect emission (centered at ~ 465 nm) after excitation with 330 
nm pulses at a repetition rate of 100 Hz (Excitation power: 80 mJ/cm2
 
). Inset (i): 2-D 
image showing the approximate positions where the 465 nm and 590 nm 
luminescence decays were extracted. Inset (ii): Close-up view of the tail of the defect 
emission. 
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Figure 4.14 Luminescence decay curve extracted from the emission peak at ~ 465 nm 
in Figure 4.13 and fitted using MEMfit. The measured instrument response was also 
plotted for comparison. Inset shows the distribution of lifetimes for this decay where 
the 0.23 ns peak is attributed to the instrument response. 
 
In order to gain a better insight into the origins of the reported lifetime shortening, the 
nanosecond lifetimes at 465 nm and at 590 nm for both the undoped and doped 
samples were analyzed. The luminescence decays of the undoped and doped samples 
were fitted to a distribution of lifetimes (0.1 – 10 ns) using MEMfit and were plotted 
in Figure 4.15 for comparison. The instrument response of the streak camera was 
measured to be ~ 0.20 ns over this temporal window. A summary of the fitted 
lifetimes is given in Table 4.3. 
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Figure 4.15 Distribution of lifetimes obtained using MEMfit for PL decay at 465 nm 
and 590 nm for both the undoped and doped samples. A χ2
 
 value of ~1 was used in 
the fits. Peaks located below 0.25 ns were attributed to the instrument response. The 
instrument response was only deconvoluted in the fits for 465 nm decays possibly due 
to the better statistics at this wavelength compared to that of the 590 nm decays.  
Table 4.3 Fitted lifetimes (in nanoseconds) of the luminescence decays at 465 nm and 
590 nm for both the undoped and 2.6 mol% Mn2+
Nanosecond Regime 
-doped ZnS samples. 
465 nm 590 nm 
τ1 τ/ns 2 τ/ns 1 τ/ns 2
Undoped ZnS nanocrystals 
/ns 
0.4±0.1 1.1±0.2 0.4±0.1 1.8±0.5 
2.6 mol% Mn2+ 0.4±0.1 -doped ZnS nanocrystals 1.8±0.3 0.3±0.1 1.5±0.6 
 
The lifetime data in Table 4.3 revealed the presence of two lifetime distributions. The 
similarities in these average lifetimes obtained for both the undoped and doped 
samples at 465 nm and 590 nm strongly suggests that the fast nanosecond lifetimes 
reported by Bhargava et al.9 were due to the tail of the defect emission that extended 
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to 590 nm. This could also be substantiated by the absence of any new emission peak 
in Figure 4.13 inset (ii) at the nanosecond timescale. On the other hand, the two 
millisecond lifetime distributions for the 590 nm Mn2+ emission (Figure 4.12) were 
similar to the values reported by Chung and co-workers17. They observed decay 
components of 0.18 and 2 ms for the Mn2+ luminescence of their ZnS:Mn 
nanoparticles prepared in aqueous solutions. They attributed the 0.18 ms component 
to surface-bound Mn2+ impurities and the 2 ms component to lattice-bound Mn2+ 
impurities. In the samples studied here, the existence of these two types of Mn2+ sites 
is also highly possible as suggested by the XAFS results. In the next section, a layer 
of ZnS shell is coated onto the ZnS:Mn nanoparticles in order to eliminate the surface 
exposed Mn2+ ions and therefore increase the Mn2+
 
 emission. TR-PL properties are 
also studied and compared between these uncoated and coated samples. 
4.3  Synthesis and study of ZnS:Mn/ZnS core/shell nanostructures 
 
In this section, I will discuss my study of ZnS:Mn/ZnS nanostructures prepared by an 
isocrystalline growth of a layer of ZnS shell on the surface of the ZnS:Mn 
nanoparticles. In this method, the same precursor can be used to form the core and the 
shell using the same approach. The reaction condition for the shell growth, however, 
was slightly modified from that of the core formation. Firstly, a lower temperature 
was used for the reaction. As mentioned in Chapter 2, the core is always formed at a 
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relatively high temperature (280 °C), while at this high temperature the precursor 
added in the shell growth step may undergo homogeneous nucleation to form 
undesirable small particles of ZnS in the solution. In order to prevent this 
homogeneous growth of ZnS in the solution, the reactivity of the reaction system 
must be lowered. With this consideration, I lowered the reaction temperature to 
250 °C. Secondly, the core nanoparticles and the shell precursor were mixed and 
heated up slowly to 250 °C in the presence of HDA and ODE. Under this condition, 
the precursor will decompose in a slower manner and the monomers have a higher 
chance to reside onto the doped nanoparticle surface. A third important issue is the 
isolation and washing of the core nanoparticles. In order to ensure that the coated 
shell is pure ZnS, I isolated and washed the core nanoparticles prior to growing the 
shell layer to get rid of unreacted Mn2+. 
 
4.3.1 Morphology, surface composition and structure of ZnS:Mn/ZnS core/shell 
nanoparticles 
 
ZnS:Mn nanoparticles with Mn2+ concentration of ~ 1.2 mol% have been chosen for 
this study. TEM images are used to determine the average particle size as well as the 
size distribution of sets of ZnS:Mn nanoparticles and ZnS:Mn/ZnS core/shell 
nanoparticles. Figure 4.16 shows the TEM images of two sets of samples, each of 
which consists of ZnS:Mn nanoparticles before and after the coating of the ZnS shell. 
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As indicated in the figure, 0.0590 g of precursor added in the shell coating step 
resulted in an average shell thickness of 0.35 nm (comparison between Figure 4.16a 
and b), while 0.0884 g of precursor resulted in an average shell thickness of 0.75 nm 
(comparison between Figure 4.16c and d). The core/shell samples with their average 
shell thickness will be denoted as ZnS:Mn/(xx nm)ZnS in the following discussion. 
 
 
Figure 4.16 TEM images of (a) and (c) ZnS:Mn nanoparticles, and the corresponding 
core/shell nanoparticles prepared by coating a layer of ZnS shell with the thickness of 
(b) 0.35 nm and (d) 0.75 nm. 
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A thicker shell can also be grown by sequential coating of ZnS shells. As shown in 
Figure 4.17, a 0.4 nm shell was formed in the first shell coating step, and with a 
second shell coating step, the shell thickness increased to 0.7 nm compared with the 
original ZnS:Mn nanoparticles. In this sequential coating method, isolation and 




Figure 4.17 TEM images of (a) ZnS:Mn nanoparticles, (b) core/shell nanoparticles 
after the first ZnS shell coating step, and (c) core/shell nanoparticles after the second 
ZnS shell coating step. 
 
Coating a layer of ZnS shell onto ZnS:Mn nanorods was also performed (Figure 4.18). 
The shape of the nanorods was maintained after shell coating, while their overall 
dimensions were slightly enlarged. A more distinct difference between the uncoated 
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Figure 4.18 TEM images of (a) ZnS:Mn nanorods, and (b) core/shell nanorods after 
coating a layer of ZnS shell. 
 
 
Figure 4.19 HRTEM images of 4.4 nm ZnS:Mn nanoparticles (a) before and (b) after 
coating a 0.75 nm ZnS shell. 
 
When studying core/shell nanoparticles, HRTEM is commonly used to verify the 
core/shell structure by showing the lattice interface between the core and the shell 
materials. Variations in electron density and crystalline structure would result in a 
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microscopy contrast or a discrete lattice fringe. However, since both the core and the 
shell materials are the same in the core/shell nanoparticles presented in this study, the 
HRTEM only showed a further growth in dimensions (Figure 4.19).  
 
The surface composition of these core/shell structure was verified using XPS. XPS is 
a surface sensitive technique due to the short escape depth of photoelectrons. Table 
4.4 lists the [Zn]/([Zn]+[Mn]) elemental molar ratio calculated from XPS results 
(details in Appendix A) for the doped nanoparticles before and after the shell coating. 
In the set of ZnS:Mn/(0.35 nm)ZnS samples, the percentage of [Zn] to ([Zn]+[Mn]) 
increased by 0.4%. In the set of ZnS:Mn/(0.75 nm)ZnS samples, the percentage 
increased by 2.1%, consistent with the formation of a thicker ZnS shell. 
 
Table 4.4 Surface elemental molar ratio of [Zn] versus total of [Zn]+[Mn] as 
calculated from XPS results on two sets of core/shell samples. 
 
[Zn]/([Zn]+[Mn]) 
ZnS:Mn/(0.35 nm)ZnS ZnS:Mn/(0.75 nm)ZnS 
ZnS:Mn 96.8% 95.1% 
ZnS:Mn/ZnS 97.2% 97.2% 
Difference +0.4% +2.1% 
 
Next, XAFS technique was used to analyze the set of ZnS:Mn and ZnS:Mn/(0.4 
nm)ZnS core/shell nanocrystals (Figure 4.20). The XAFS parameters listed in Table 
4.5 shows that the original uncoated nanocrystals have a Mn-S distance of 2.34 Å, 
Mn-S coordination number of 5.9 and Debye-Waller factor of 0.019. These results are 
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consistent with those in Section 4.2.1 where it was proposed that the high 
coordination number was due to Mn-N or Mn-O bond formation at the Mn2+ sites near 
the surface of the doped nanocrystals. With the layer of ZnS shell coating, XAFS 
results indicated that the Mn-S distance became slightly longer, up to 2.40 Å, and the 
coordination number dropped to 3.6, which is close to 4.0 in a tetrahedral geometry 
similar to cubic ZnS. Such a result suggests that Mn2+ ions in the core/shell sample 
are substituted at the Zn2+ sites in the crystal, and thus the growth of a layer of shell 
has successfully embedded the surface Mn2+ ions.  
 
 
Figure 4.20 XAFS and FT-XAFS magnitude for (a) Zns:Mn nanoparticles, (b) 
ZnS:Mn/(0.4 nm)ZnS core/shell nanoparticles. 
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Table 4.5 XAFS parameters determined from fitting the XAFS data as shown in 
Figure 4.20 in real space. 
 Core Core/shell 
Mn-S distance (Å) 2.34 2.40 
Mn-S coordination number 5.9 3.6 
σ2 Mn-S (Å2 0.019 ) 0.011 
 
4.3.2 Optical properties of ZnS:Mn/ZnS core/shell nanoparticles 
 
In this section, the emission properties of ZnS:Mn and ZnS:Mn/ZnS core/shell 
nanoparticles were compared. Figure 4.21 shows the PL emission of the uncoated 
ZnS:Mn nanoparticles comparing with the core/shell nanoparticles with shell 
thickness of 0.4 nm and 0.7 nm, respectively, under 250 nm excitation. As suggested 
in Section 4.2.2, the peak at ~ 340 nm was assigned to the bandgap emission of ZnS 
and the ~ 590 nm peak was assigned to Mn2+ emission from the transition between 4T1 
and 6A1 states. The core/shell nanoparticles also emit at these two positions. However, 
it is noted that the bandgap emissions in the core/shell nanoparticles need to be 
enlarged for a clearer view, when the corresponding Mn2+ emissions in all the three 
samples are adjusted to a similar height in Figure 4.21. Thus, the relative intensity 
ratio of the Mn2+ emission to the bandgap emission is enhanced by more than 20 
times in the two core/shell samples. This indicated that the efficiency of the Mn2+ 
emission (relative to the bandgap emission) was much enhanced in the core/shell 
samples compared with the one without the shell.  
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Figure 4.21 PL emission spectra of (a) ZnS:Mn nanoparticles, and ZnS:Mn/ZnS 
core/shell nanoparticles with the ZnS shell thickness of (b) 0.4 nm and (c) 0.7 nm. 
The left portion of the spectra was enlarged 20 times in (b) and (c) for a clearer view. 
Excitation wavelength: 250 nm. 
 
More quantitative analysis by PL QY measurement revealed that the quantum 
efficiency of the emission at 590 nm (when excited by 335 nm UV light) in the doped 
ZnS:Mn samples was 2.2%. In the core/shell samples with 0.4 nm and 0.7 nm shell 
thickness, the quantum efficiency increased to 3.9% and 3.6% respectively (details in 
Appendix B). These data confirmed that an efficient PL enhancement can be achieved 
by coating the ZnS:Mn nanoparticles with a layer of ZnS shell, although a thicker 
shell does not necessarily result in higher quantum efficiency. 
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Enhancing the Mn2+ emission in the ZnS:Mn nanorods by coating a ZnS shell was 
also successfully performed. Figure 4.22 shows the PL emission spectra of the 
nanorods before and after the shell coating. In Figure 4.22a, the Mn2+ emission in the 
highly doped (~ 5 mol%) ZnS:Mn nanorods is very low due to the surface exposed 
Mn2+ as well as the formation of Mn-Mn clusters. After shell coating, the Mn2+ 
emission at ~ 590 nm becomes very prominent. This enhancement indicates that 
during the shell growth, the ZnS shell enclosed the surface-bound Mn2+ into the 
nanocrystals and/or reduced the formation of Mn-Mn clusters, therefore more 
emission could be generated from the internal Mn2+.  
 
Figure 4.22 PL emission of (a) ZnS:Mn nanorods prepared in pure HDA 
([HDA]/[precursor] = 20), and (b) the same sample after coating ZnS shell. Excitation 
wavelength: 250 nm. 
Chapter 4 
                                                                                              113 
TR-PL measurement was carried out to compare the Mn2+ emission lifetimes in the 
ZnS:Mn and the ZnS:Mn/ZnS core/shell nanoparticles. The luminescence decay curve 
of ZnS:Mn nanoparticles and ZnS:Mn/ZnS core/shell nanoparticles were extracted 
from the Mn2+ emission peak (~ 590 nm) and were fitted using MEMfit (Figure 4.23). 
Two lifetime distributions were found for each sample and the data are summarized in 
Table 4.6. 
 
Figure 4.23 The luminescence decay curves of ZnS:Mn nanoparticles (open squares) 
and ZnS:Mn/(0.33 nm) ZnS core/shell nanoparticles (open triangles) extracted from 
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Table 4.6 Lifetime distributions of the Mn2+ emission in ZnS:Mn nanoparticles and 
ZnS:Mn/(0.33 nm)ZnS core/shell nanoparticles. The relative contribution of each 
lifetime component (i.e. the pre-exponential factor A) is also given.  
 τ
1
/ms A1 τ2/ms A2 
ZnS:Mn 0.8 ± 0.3 0.59 2.9 ± 0.5 0.41 
ZnS:Mn/ZnS 0.7 ± 0.2 0.36 3.3 ± 0.5 0.64 
 
It was previously suggested17 that the short (τ
1
) and long lifetimes (τ
2
) in the 
millisecond regime correspond, respectively, to decays of the surface- and 
lattice-bound Mn2+ ions. The spin selection rules for the surface-bound Mn2+ ions may 
have been relaxed compared to the lattice-bound ions (due to the larger oscillator 
strength in the former), resulting in a shorter decay lifetimes. Upon coating the 
ZnS:Mn nanoparticles with a layer of ZnS shell, the contribution of the short lifetime 
component decreases from 0.59 to 0.36 (i.e. the pre-exponential factors A1); while that 
of the long lifetime component (A2) increases from 0.41 to 0.64. It can thus be 
confirmed that the ZnS shell has efficiently embedded Mn2+ ions that were previously 
residing on the surface of the nanoparticles. These observations are consistent with 
the increase in the luminescence efficiency of the ZnS:Mn/ZnS core/shell 
nanoparticles.  
 
4.4  Summary 
 
In summary, a new method to synthesize ZnS:Mn nanocrystals using the 
[(2,2’-bpy)Zn(SC{O}Ph)2] precursors has been presented. Doped nanocrystals of 
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rod-like and spherical shapes were successfully prepared and studied for their 
morphology, structure and optical properties. It is noticed that doping could result in a 
change in the morphologies as well as the bulk crystal structures of nanoparticles, 
indicating a perturbation of doping on the particle nucleation and growth. XAFS 
measurements of the local structure at the Mn2+ sites revealed that Mn2+ ions tend to 
reside on the particle surface. Results from the steady-state PL measurements showed 
that concentration quenching occurred at Mn2+ higher than ~ 8 mol%, which could be 
attributed to the formation of Mn-Mn clusters. TR-PL measurement showed 
consistent results with previous findings that the fast nanosecond decay lifetime 
observed in ZnS:Mn nanoparticles arises from defect-related emission in ZnS host 
rather than from Mn2+ emission. 
 
Coating ZnS shells on the ZnS:Mn nanoparticles and nanorods were successful using 
the same precursor method. Optical studies showed that the Mn2+ emission was 
enhanced after the shell coating, accompanied by a decrease in the ZnS bandgap 
emission. Time-resolved PL measurement revealed an increase in the contribution of 
the longer lifetime component upon shell coating, thus confirming that Mn2+ ions on 
the particle surface were now embedded in the lattice. 
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Chapter 5  
An Optical Study of Water-soluble CdS Nanoparticles  
 
As an important semiconductor, CdS has been well studied for its potential 
applications in photoelectronic devices1-6 and biological labeling7. For CdS, the 
quantum size effect occurs when the particle size is comparable or below its exciton 
Bohr radius of 25-30 Å.8 At this dimension, the absorption and emission peak 
positions of CdS nanocrystals will blue-shift from the bulk bandgap of CdS (2.42 eV, 
514 nm) and gradually red-shift with increasing particle size. 
 
CdS has also been used as a model system for studying charge carrier dynamics in 
both the colloidal form (particles dispersed in liquids) as well as solid nanocrystals.9,10 
Three types of fluorescence may arise from CdS nanoparticles when the electrons 
decay by radiative pathway. The first one is superradiant luminescence due to 
bandgap emission with a typical lifetime of a few picoseconds, which is rarely 
observed.11 The second one is near-bandgap emission with a lifetime from several 
picoseconds to several nanoseconds.12,13 The third is deep trap state emission, which 
has a lifetime from picoseconds to microseconds.14,15 The nature of the emitting states 
and the mechanism of charge carrier relaxation have been the subjects of interest. 
Excited state lifetime is determined by radiative and non-radiative decay pathways, 
and the latter is affected by the properties of the nanoparticles concerned. The surface 
Chapter 5 
                                                                                             122 
characteristics, together with size, critically influence the properties of the 
nanoparticles and they often have competing effects on the charge carrier behaviour.16  
 
Different synthetic routes to prepare CdS nanoparticles have been reported, either by 
using a mixture of cadmium and sulfur precursors17,18 or a single molecular 
precursor.19,20 The use of a single molecular precursor allows the synthesis to be more 
easily optimized for the desired nanoparticles size.20 In addition, synthesis can be 
carried out in either water or in organic solvents17,21 In our laboratory, a method has 
been developed to synthesize CdS nanoparticles by refluxing a precursor in water.20 
When the absorption spectrum of the refluxing solution was monitored, an interesting 
phenomenon was noted, i.e. a second peak appeared at 467 nm in addition to the first 
peak at 369 nm. The intensity of the second peak increased as the first peak attenuated 
during the reflux. Applying the Brus Equation and also estimating from the XRD 
results, it was found that the second peak can be attributed to nanoparticles of double 
the size of those giving rise to the first peak.  
 
The aims of this chapter are thus twofold. Firstly, I attempt to further investigate the 
size-doubling phenomenon by isolating the nanoparticles for further characterization. 
Secondly, I hope to investigate the emission processes of these water-soluble CdS 
nanoparticles and offer some insight to their dynamics. I measured the excited state 
dynamics of the samples using both the Time-Correlated Single Photon Counting 
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(TCSPC) and streak camera systems, with the aim to probe the effect of size and 
surface properties on the decay dynamics of the nanoparticles. In general, I have 
found that emission lifetimes are shorter in the larger CdS nanoparticles as compared 
to their smaller counterparts.  
 
5.1  Characterization of the water-soluble CdS nanoparticles 
 
In this synthesis, a molecular precursor [(2,2’-bpy)Cd(SC{O}Ph)2] was refluxed in a 
basic aqueous medium under inert atmosphere with 1-thioglycerol as the capping 
agent. The molar ratio of capping agent to precursor was varied at 30, 40 or 50, of 
which the ratio 50 gave rise to the observation of “size-doubling” effect mentioned 
earlier. In the following sections, I will first discuss the growth kinetics of the 
nanoparticles, followed by the characterization of their morphology and structures. 
 
5.1.1 Growth kinetics of the CdS nanoparticles 
 
The growth of CdS nanoparticles was monitored by UV-vis absorption spectroscopy. 
Reaction time t = 0 was set at the onset of reflux, and the refluxing temperature was 
maintained at 100°C throughout the investigation. At regular time intervals, ~ 0.5 mL 
of aliquots were withdrawn from the refluxing mixture and diluted 10 times with 
deionized water for UV-vis absorption measurement. Figure 5.1 shows a typical 
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time-evolution spectra recorded up to 90 minutes of the reaction. Slight red-shift of 
the absorption peak can be observed, suggesting the growing particle size as reaction 
progressed.  
 
Figure 5.1 Time-evolution of the absorption spectra of CdS nanoparticles prepared at 
[1-thioglycerol] to [precursor] ratio of 50. 
 
Particle size can be estimated from the absorption onset using the effective mass 
approximation.22,23 In the strong-confinement regime, the confinement energy of the 
first excited electronic state is approximated by the Brus equation:23 
 (Equation 5.1) 
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where E is the absorption onset inferred from the absorption spectrum, Egbulk is the 
bulk band gap, h is the Planck’s constant, r is the particle radius, me* and mh* are the 
effective masses of the electrons and holes respectively, m0 and e are the mass and 
charge of a free electron respectively, є 0 is the permittivity of free space and є is the 
relative permittivity. For CdS, Egbulk = 2.42 eV, є = 5.7, me* = 0.19 and mh* = 0.80.22 
Thus, putting these values into Equation (5.1), the final particle size was estimated to 
be in the range of 2.7-2.9 nm. 
 
Particles can grow either via Ostwald ripening or via combination.24 In the former 
process, molecules on the surface of a small particle tend to detach and diffuse into 
the solution, and then attach to the surface of larger particles. As a result, the number 
of smaller particles continues to decrease, while larger particles continue to grow. As 
evident from Figure 5.1, the particle size increases gradually with time for the first 1.5 
hours, suggesting a growth via Ostwald ripening. Wong et al. studied the growth of 
ZnO nanoparticles in colloidal suspensions and found that the growth kinetics 
followed the Lifshitz–Slyozov–Wagner (LSW) theory for Ostwald ripening.25 It was 
found that larger particles grow at the expense of the dissolution of smaller particles. 
At fixed monomer concentration, the size-dependent growth rate can be obtained by 
considering the Gibbs-Thomson equation: 26,27 
(Equation 5.2) 
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where Sr and Sb are the solubility of the nanoparticles and the bulk solids respectively, 
γ is the interfacial energy, r is the radius of the nanoparticles, Vm is the molar volume 
of the material, R is the gas constant and T is temperature. Assuming that diffusion is 
the rate-determining step, Equation (5.2) can be inserted into Fick’s first law of 
diffusion and the growth law based on LSW model is obtained:28,29 
 
  (Equation 5.3) 
where t is the reaction time, rav and rav, 0 are the average radius of the nanoparticle at t 
= 0 and time t respectively, and K is a constant related to the diffusion coefficient D:25 
 (Equation 5.4) 
For the water-soluble CdS nanoparticles synthesized, the cubic term of rav (inferred 
from the absorption onset) was found to vary linearly with reaction time for various 
ratios of 1-thioglycerol used as shown in Figure 5.2a-c. The average gradients, i.e. the 
K value in Equation (5.3), are listed in Table 5.1. 
 
Table 5.1 indicates clearly that K values decreased when the amount of capping agent 
used was increased. Since K is related to the diffusion coefficient D (Equation 5.4), a 
decrease in K indicates a decrease in diffusion coefficient, which agrees with the 
expectation that when more capping agent was used, diffusion through the interfacial 
boundaries was impeded. 
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Figure 5.2 Plots of r3 against time for different batches of samples synthesized at 
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Table 5.1 K values obtained from the plots in Figure 5.2. 
[1-thioglycerol]:[precursor] 30 40 50 
K (nm3/minutes) 729 × 10-5 430 (±4) × 10-5 348 (±8) × 10-5 
 
5.1.2 Size-doubling of the growing CdS nanoparticles  
 
When the reaction mixture containing [1-thioglycerol] to [precursor] ratio of 50 was 
further monitored, it was observed that the reaction mixture turned from an initial pale 
yellow color to an intense yellow color. Figure 5.3 shows the evolution of absorption 
spectra from 90 minutes to 5 hours. At t = 2 hours, the second absorption peak 
centered at ~ 425 nm became apparent. This peak continued to grow with time while 
the initial absorption peak at ~ 370 nm attenuated further. This observation suggests 
that the second peak is probably due to nanoparticles formed via combination of the 
smaller nanoparticles that gave rise to the first peak. In order to confirm this 
hypothesis, the experiment was repeated and the reaction products after 4 hours of 
reflux were isolated. Attempts to separate the two-sized particles were carried out 
using size-selective precipitation with 2-propanol. A yellow colored solid 
corresponding to the larger particles was precipitated first, followed by a white 
colored solid corresponding to the smaller particles. The separated nanoparticles were 
then washed and redissolved in water for absorption measurement. Figure 5.4 
compares the UV-vis absorption spectra of the mixture and the two separated 
samples. 
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Figure 5.3 Time evolution of the absorption spectra on further refluxing the reaction 
mixture at [1-thioglycerol] to [precursor] ratio of 50.  
 
Figure 5.4 UV-vis absorption spectra of the mixture (solid line) and the two separated 
samples. Dashed line: first solid isolated; dotted line: second solid isolated. 
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The absorption onsets for the smaller and larger particles were 370 nm (3.36 eV) and 
481 nm (2.58 eV) respectively. Applying Brus equation, the average sizes for the 
smaller and larger particles were estimated to be 2.8 nm and 5.5 nm from their 
respective absorption onsets. The experiment was then repeated several times and the 
ratio of the two sizes was always found to be around 2. (Table 5.2) 
  
Table 5.2 Sizes of the separated samples and the ratios of their sizes as estimated 




Smaller particles Larger particles 
1 2.8 5.5 2.0 
2 2.7 5.6 2.1 
3 2.8 5.7 2.0 
4 2.7 5.3 2.0 
 
Next, I attempted to work out the intensity ratio for the two sized samples from their 
respective peak areas. The peak areas were estimated by drawing a linear baseline that 
encompasses the envelope of the peak. Figure 5.5 shows the variation in peak area 
with time for the larger and smaller particles.  
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Figure 5.5 Plot of peak area against time for the smaller (black squares) and larger 
(white squares) particles. Linear fit of the smaller (dashed line) and larger (solid line) 
particles were shown for reaction time from 3 hours to 6 hours.  
 
The linear fitted lines in Figure 5.5 suggest that one may write a general second order 
process for the coalescence (or combination) of two initially formed nanoparticles: 








 (Equation 5.5) 
Thus, it is expected that the rate of decrease of A (i.e. the smaller particles) to be 
twice the rate of increase of the dimer A2 (i.e. the larger particles). Table 5.3 shows 
the rates of reaction calculated from the respective plots of peak intensity versus time. 
The ratio of these rates was found to be slightly more than 2. This is not unexpected 
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because other than coalescence, Ostwald ripening might still be in operation and 
would further increase the depletion rate of the smaller nanoparticles. 
 
Table 5.3 Estimation of the rate of disappearance of the smaller particles and the rate 
of formation of the larger particles. 
Batch No. 
Rate (minute-1) Ratio of the 
two rates Smaller particles Larger particles 
1 0.0343 0.0151 2.3 
2 0.0352 0.0142 2.5 
 
5.1.3 Morphology and structural analysis of the CdS nanoparticles  
 
The isolation and separation of the two-sized samples allow further characterization to 
be performed. The TEM images of the two samples are recorded as presented in 
Figure 5.6. Clear lattice planes were observed in both samples and lattice spacing of 
3.3 Å was detected. This spacing is consistent with the (111) crystal plane of CdS 
nanocrystals.30 The composition of the samples was confirmed by the Energy 
Dispersive X-ray (EDX) spectrum shown in Figure 5.6c. The average sizes of the two 
samples were measured to be 3.0 ± 0.3 nm and 5.0 ± 0.5 nm respectively. 
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Figure 5.6 TEM images of CdS nanoparticles of (a) smaller size and (b) larger size. 
(c) EDX spectrum of the sample in (a). 
Chapter 5 
                                                                                             134 
XRD spectra were recorded as shown in Figure 5.7. Diffraction peaks were observed 
at 2θ = 27.0°, 43.9° and 51.8° for the larger particles, and correspond well to the 
(111), (220) and (311) planes of bulk cubic CdS patterns (JCPDS 80-0019). 
Broadening of peaks was observed for the smaller particle, with two broad peaks 
observed at 2θ = 28.3° and 48.4°. A comparison with the various standard CdS 
patterns in the JCPDS database concluded that the smaller particles still conform to 
cubic phase. The nanoparticles are so small that peaks are severely broaden and 
overlapped. 
 
Figure 5.7 XRD spectra of the separated samples: (a) the larger particles, (b) the 
smaller particles. The vertical sticks in (a) correspond to the standard diffraction lines 
of bulk cubic CdS (JCPDS 80-0019). 
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In addition, the mean particle diameter can also be estimated from XRD peak widths 






o   (Equation 5.6) 
Here, d is the average particle diameter, K is the Scherrer constant (= 0.9), λ is the 
X-ray wavelength (= 1.5406 Å), βo is obtained from the Warren and Biscoe equation 
βo2 = B2 – b2 where B and b (= 0.063°) are the angular half-widths for the sample 
under investigation and for the standard sample respectively, and θ is the half angle of 
the diffraction peak on the 2θ scale. Using the (111) peak width, the average particle 
diameter was estimated to be 4.3 nm and 1.9 nm for the larger and smaller particles 
respectively. These values are slightly smaller than the values estimated from the 
UV-vis absorption onsets (Table 5.1, Batch 4) due to incomplete crystallization of the 
nanoparticles. Nevertheless, the average size of the larger particles is still about twice 
of the smaller particles according to XRD estimation.  
 
5.2  Optical properties of the water-soluble CdS nanoparticles 
 
5.2.1 Steady-state photoluminescence (PL) characteristics 
 
The PL spectra of the CdS nanoparticles were recorded using samples re-dispersed in 
deionized water. The solutions were purged with nitrogen before every PL 
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measurement. Figure 5.8 shows a typical PL and the corresponding UV-vis absorption 
spectra of a sample obtained by quenching the reaction at the 15th minute. 
 
Figure 5.8 UV-vis absorption (solid line) and PL emission (dashed line) spectra of 
aliquot withdrawn at the 15th minute from the reaction mixture. Molar ratio of 
[1-thioglycerol] to [precursor] = 50; excitation wavelength = 370 nm. 
 
The broad emission band centered at ~ 490 nm is red-shifted from its absorption edge 
by about 0.8 eV. This broad emission is likely to be associated with the recombination 
of trapped electrons/holes via surface localized states. Such surface localized states 
may be cadmium- or sulfur-related.32,33 For example, sulfur vacancies (Vs+), i.e. 
electrons trapped in anionic vacancies, have been located at about 0.7 eV below the 
conduction band of CdS.32,34 Considering the amount of red-shift, the broad emission 
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band observed in this nanoparticles sample is likely attributed to electronic transition 
from these Vs+ states. 
 
Bandgap emission was not observed in these samples due to poor crystallinity of the 
nanoparticles as evident from the XRD results. Recombination through the defect 
states effectively competes with the radiative decay that yields the band gap emission. 
It was reported that ageing will improve the crystallinity and enhance the band gap 
emission.35 Figure 5.9 shows the time evolution of PL spectra of the ageing process. 
For the first hour of reaction, emission of the CdS nanoparticles was dominated by a 
broad surface defect peak. This peak red-shifted slightly with reaction time due to 
increasing particle size. At the second hour, the surface defect peak began to 
attenuate. On further reflux, the surface defect peak continue to decrease and a new 
peak began to appear at ∼ 463 nm. After 4 hours of reflux, the initial broad surface 
defect peak has almost completely disappeared and a sharper peak at ∼ 463 nm with a 
shoulder at ~ 481 nm was observed. 
 
The evolution and shift in the PL characteristics paralleled the changes observed in 
the UV-vis absorption (Figure 5.3). The decrease in surface defect peak suggested the 
occurrence of surface smoothening during the growth and combination (or 
size-doubling) processes. The new peak at ∼ 463 nm is likely to be the bandgap 
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emission of the larger particles since it is significantly narrower and the peak position 
is closer to the corresponding absorption onset (Figure 5.10).  
 
 
Figure 5.9 Time evolution for the PL spectra of CdS nanoparticles prepared at 
[1-thioglycerol] to [precursor] ratio of 50. Excitation wavelength = 370 nm. 
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Figure 5.10 A comparison of the UV-vis absorption (solid line) and PL emission 
spectra (dashed line) of the 4th hour sample. Excitation wavelength: 370 nm. 
 
Finally, the PL spectra of the two separated nanoparticles as discussed in Figure 5.4 
are compared in Figure 5.11. The PL spectrum of the smaller particles (average size ~ 
2.8 nm) showed a broad profile of surface defect while that of the larger particles 
(average size ~ 5.5 nm) showed a much narrower profile. The shoulder at ~ 481 nm is 
unlikely to be due to impurity as it was observed for all batches of samples. Since this 
shoulder is only separated from the main peak by ~ 0.10 eV, it is not due to defects of 
sulfur or cadmium vacancies. The origin of this shoulder is uncertain at the moment, 
and the possibility that it is the band gap emission of another cluster of slightly larger 
particles cannot be ruled out. 
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Figure 5.11 A comparison of the PL spectra of the smaller CdS nanoparticles (solid 
line) and the larger nanoparticles (dashed line). Excitation wavelength: 370 nm. 
 
5.2.2 Time-resolved PL (TR-PL) measurements 
 
In this section, TR-PL measurements were performed on the two different sized CdS 
nanoparticles. The primary dynamical processes studied are the trapping of 
photogenerated electrons or holes and the recombination of these electrons and holes. 
The decay profiles obtained provided us information on the lifetimes of the excited 
states in the nanoparticles. The resolved decay components could be attributed to 
various decay mechanisms, and the differences between the decay profiles of the 
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larger and smaller CdS nanoparticles gave us some information about the nature of 
the nanoparticles formed. 
 
In this measurement, both TCSPC and streak camera were used. The time-resolution 
of the PMT detector used for TCSPC was around 250 ps, therefore lifetimes which 
were faster than 250 ps could not be resolved accurately. On the other hand, the 
maximum detection limit of the streak camera was set at 1000 ps, such that lifetimes 
longer than 1 ns were not obtained. Hence, a combination of these two techniques 
gave us more information on the processes occurring in the timescale from a few 
picoseconds to several nanoseconds. 
 
For the smaller CdS nanoparticles, measurements with the streak camera were carried 
out using the solid sample directly and signals were detected at a single wavelength of 
480 nm. For TCSPC measurements, aqueous solution of the nanoparticles was used 
and data was collected at three different wavelengths, i.e. 430 nm, 480 nm and 550 
nm. As the excitation wavelength used for TCSPC was 400 nm, data at the 
wavelength expected for band-edge emission could not be collected. However, the 
decay profiles at three different wavelengths were monitored within the surface defect 
emission peak in order to probe into the different trap states present in the smaller 
CdS nanoparticles. An overlay of the decay profiles obtained from TCSPC is shown 
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in Figure 5.12, and the lifetime data obtained from both TCSPC and streak camera are 
summarized in Table 5.4.  
 
 
Figure 5.12 PL emission decay curves of the smaller CdS nanoparticles monitored at 
three different wavelengths using TCSPC. 
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Table 5.4 Summary of decay lifetimes (in picoseconds) of the excited states in the 
smaller CdS nanoparticles, with those for TCSPC done in solution phase and those for 




Detection wavelength (nm) 430 480 550 480 
A1 - - - 0.60 
τ1 (ps) - - - 
17.7 
± 0.4 
A2 - - - 0.30 
τ2 (ps) - - - 
80.1 
± 4.7 




















Analysis of data obtained by both streak camera and TCSPC measurements suggested 
that the decay profile of the smaller CdS nanoparticles comprises of four components. 
The results are consistent with the lifetimes of thio-capped CdS nanoparticles reported 
by Uchihara et al.15 The components at ~ 18 ps and 80 ps were most likely due to the 
trapping rate of electrons into the trap sites, which are the origin of deep trap emission. 
The longer components (0.3-2 ns) could be related to the recombination of electrons 
and holes.  
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From the TCSPC data in Table 5.4, it was observed that the τ3 components are 
increasing with the detection wavelength. This wavelength dependence can be 
explained using the donor-acceptor pair recombination model by Chestnoy et al.32 
The increasing lifetime indicated significant Coulomb interactions between the 
different traps that constituted the surface defect peak. According to Chestnoy et al., 
the rate of both radiative and non-radiative decays due to trap states are dependent on 
the distance (R)  between two trap states, and there is a correlation between R and 
the emission wavelength. Electron-hole pairs at trap states that are close together will 
emit at higher energy and at a faster rate than those separated further due to the 
Coulomb interaction.32 Thus, at higher energies (i.e. shorter wavelengths), trap states 
that were closer together were being probed and thus their lifetimes were shorter.  
 
Table 5.5 Summary of decay lifetimes of the excited states in the larger CdS 
nanoparticles measured in solution phase. 
 TCSPC Streak Camera 
Detection wavelength 
(nm) 460 460 
A1 - 0.68 
τ1 (ps) - 
11.2 
± 0.2 
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For the larger CdS nanoparticles, both TCSPC and streak camera measurements were 
performed in solution. The emission was monitored only at 460 nm and the data 
obtained are listed in Table 5.5. Three lifetime components were resolved from the 
analysis, the shortest component at ~ 11 ps was probably due to the trapping rate of 
electrons into the trap sites, while the longer components at ~ 120 ps and 1-2 ns were 
due to the recombination of electrons and holes.15 The results obtained from TCSPC 
and streak camera are consistent in the hundreds of picoseconds regime. 
 
Consolidating the data obtained from the TCSPC and streak camera measurements, a 
summary of the different decay times observed for the different sized CdS 
nanoparticles is shown in Table 5.6. In general, it can be seen that the lifetimes were 
shorter in the larger CdS nanoparticles compared to those in the smaller CdS 
nanoparticles. This can be attributed to an increase in density of states for both the 
electrons and phonons as the size increases.36 The higher density of states resulted in 
stronger electron-phonon interactions and hence more non-radiative decay. The 
electron lifetime is thus expected to decrease with increasing size.  
 
Table 5.6 Summary of decay times for CdS nanoparticles obtained by streak camera 
and TCSPC. 
 Streak Camera TCSPC 
 τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) 
Smaller CdS 
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To further verify the mechanism contributing to the different components in Table 
5.6, more work will have to be performed. For example, the solvent in which the 
samples are dissolved can be altered. Uchihara et al. investigated similar systems and 
reported that trapping of photogenerated holes was hardly influenced by changing the 
solvents, unlike that of photogenerated electrons.15 On the other hand, it was also 
proposed that the trapping of photogenerated electrons can be controlled by 
modifying the nanoparticle surface.36 Changing the pH of the solvent will also affect 
the decay rates since OH- is a hole scavenger. 
 
5.3  Summary 
 
In this chapter, further investigation of the “size-doubling” effect of CdS 
nanoparticles during prolonged heating is reported. Particle size estimation based on 
UV-vis absorption, TEM and XRD, together with the calculation of particle growth 
kinetics, supported the hypothesis of particles combination (or dimerization), although 
direct observation of the process is still lacking. PL spectra of both the smaller and 
larger CdS nanoparticles are studied in details. The smaller CdS nanoparticles have a 
broad emission band due to surface defects, while the larger CdS nanoparticles show a 
narrow bandgap emission. TR-PL measurement reveals that the larger CdS 
nanoparticles had shorter excited state lifetimes as compared to their smaller 
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counterparts, which might be attributed to higher density of states in the larger sized 
particles. 
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Chapter 6  
Synthesis and Study of Co- and Mn-doped ZnO Nanocrystals  
 
3d transition metal doped ZnO has been theoretically predicted to be an important 
dilute magnetic semiconductor (DMS) that possesses high-Curie-temperature 
ferromagnetism.1-3 In many reports, ferromagnetism above room temperature was 
observed. However, the origin of this high-Curie-temperature ferromagnetism is still 
not clear. A major concern is that precipitation or clustering of ferromagnetic dopants 
could have caused the ferromagnetism which overwhelms the intrinsic 
carrier-mediated spin polarization.4,5 In order to clarify any misinterpretation of the 
experimental results, a detailed microstructural characterization is needed.  
 
In this chapter, Co- and Mn-doped ZnO nanocrystals were prepared by a wet chemical 
method. The nucleation and growth of the nanoparticles were monitored by UV-vis 
absorption and the emission of the final products was characterized by PL spectra.  
Local atomic configuration of the dopant ions was investigated by XAFS experiments, 
which include both X-ray absorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) measurements. The local electronic and 
geometric information of different dopants was hence analyzed.  
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6.1  Sample preparation and characterization 
 
The synthesis of Co- and Mn-doped ZnO nanocrystals was carried out as detailed in 
Section 2.6. During the synthesis, NaOH were added sequentially into the refluxing 
precursor solution. Aliquots of the reaction mixture were withdrawn for UV-vis 
absorption measurements at certain time intervals throughout the reaction process. 
Post-synthetic treatment was carried out to remove the excess dopant ions on the 
nanoparticle surfaces by heating them in 10 mL dodecylamine at 60-80°C in nitrogen 
atmosphere.6  
 
The products prepared above are referred to as the “as-prepared” samples in the 
following text. On the other hand, thermal treatment to 400°C or 800 °C in nitrogen 
atmosphere was applied to some samples for the study of thermal stability of the 
dopants. These products will be referred to as the “thermally-treated” samples. For a 
detailed investigation in Section 6.3, thermal treatment was sometimes performed 
directly on the products isolated, thus skipping the dodecylamine treatment step. 
 
The Co- and Mn-doped samples were prepared at two different dopant concentrations, 
labeled as M-L (low) and M-H (high), respectively (M = Co or Mn). The resultant 
molar ratios of dopant to metal, determined by Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES), are listed in Table 6.1. The respective 
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thermally-treated samples will be labeled as M-L(or H)400 or M-L(or H)800 in the 
text, for treatment at 400 °C and 800 °C, respectively. 
 
Table 6.1 Summary of dopant weight percentage (wt%) in M-doped ZnO 
nanocrystals (M = Co or Mn) determined by ICP-OES. M mol% refers to the molar 
ratio of dopant to total metal calculated from wt%. 
Sample Zn wt% M wt% M mol% 
Co-L 40.64% 0.54% 1.5% 
Co-H 37.81% 2.65% 7.2% 
Mn-L 47.34% 0.38% 0.95% 
Mn-H 23.43% 2.60% 12% 
 
Representative TEM images and XRD patterns of the Co- and Mn-doped ZnO 
nanoparticles were shown in Figure 6.1. The nanoparticles have a near spherical shape 
and average size of 4.9±0.8 nm and 4.6±0.7 nm, respectively. The particles tend to 
agglomerate due to the lack of efficient capping agent. The crystal structure of the 
nanoparticles is confirmed to be hexagonal wurtzite ZnO by XRD measurement. 
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Figure 6.1 TEM images and XRD patterns of (a, c) Co-doped and (b, d) Mn-doped 
ZnO nanocrystals. The vertical sticks in (d) correspond to the standard diffraction 
lines of bulk ZnO (JCPDS 36-1451). 
 
6.2  Absorption and photoluminescence (PL) spectra of the nanocrystals 
 
6.2.1 UV-vis absorption spectra of Co-doped ZnO nanocrystals 
 
The growth of ZnO nanocrystals and the incorporation of Co2+ ions were followed by 
monitoring the UV-vis absorption of the reaction solution. The first aliquot withdrawn 
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for UV-vis absorption measurement was taken before the addition of any NaOH. At 
this point, the reaction solution was pink in color. Figure 6.2a shows the absorption 
spectra collected 60 seconds following every addition of 0.25 equivalence of NaOH to 
the precursor solution containing Zn(OAc)2 and Co(OAc)2·4H2O. With zero and 0.25 
equivalence of NaOH added, only a weak broad absorbance feature was observed 
below 300 nm. This feature is attributed to the formation of basic zinc acetate 
molecular clusters in ethanol.7 Upon the addition of 0.50 equivalence of NaOH added, 
a broad shoulder at ~ 328 nm appeared, indicating the nucleation of small ZnO 
nanocrystals. With 0.75 equivalence of NaOH added, a strong absorption band at ~ 
332 nm became obvious. This band is assigned to the bandgap absorption of ZnO. 
Subsequent additions of NaOH caused a red-shift in the absorption band wavelength 
and an increase in the absorption intensity, indicating growth of the nanoparticles. 
During the same period, the color of the reaction solution turned from pink to purple, 
and finally to dark blue. 
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Figure 6.2 (a) UV-vis absorption spectra of the reaction solution of Co-doped ZnO 
nanoparticles collected 60 seconds following every addition of 0.25 equivalence of 
NaOH. (b) Enlarged spectra for the wavelength region of 300 to 750 nm. 
 
Figure 6.2b shows the enlarged spectra for the wavelength region of 300 to 750 nm, 
where the very weak Co2+-related absorption feature becomes clear. The broad 
absorption peak centered at ~ 530 nm in the starting solution (black curve) is the 
characteristic 4T1g(F)  4T1g(P) ligand-field transition of pseudo-octahedral Co2+ ions, 
which in the present case are most likely coordinated by one or more ethanol 
molecules.8 This transition gave rise to the observed pink color of the initial solution. 
Addition of up to 0.25 equivalence of NaOH (red curve) had no apparent effect on 
this feature except for a rise in the baseline. The first change was observed only after 
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the addition of ~ 0.50 equivalence of NaOH, when the ~ 530 nm peak slightly 
dropped and a very weak feature at ~ 600 nm started to show up (light blue curve). 
With further addition of NaOH, this feature gradually evolved into three peaks with 
maxima at ~ 565 nm, 600 nm and 650 nm, respectively. These peaks have been 
attributed to the 4A2  4T1(P) ligand-field transition of Co2+ ions in the tetrahedral 
coordination environment of wurtzite ZnO,8,9 and explain the origin of the dark blue 
color observed in the reaction solution. It is worth noting that, at the point when ZnO 
nanocrystals had readily formed (Figure 6.2a, light blue curve), the ligand-field 
absorption due to tetrahedrally coordinated Co2+ (i.e. the three-peak feature) was still 
negligible (Figure 6.2b, light blue curve). This agrees with the observation by 
Schwartz et al.6 that Co2+ ions were not incorporated into the ZnO nanocrystals during 
the initial ZnO nucleation. The Co2+ ions remained octahedrally coordinated in 
solution until the nucleation of ZnO crystallites occurred. At this point, they bound to 
the nanoparticle surfaces in tetrahedral geometries. Subsequent reaction with NaOH 
yielded substitutionally doped Co2+ ions in ZnO.  
 
6.2.2 UV-vis absorption spectra of Mn-doped ZnO nanocrystals 
 
Similarly, the Mn-doped ZnO nanocrystals were prepared by adding NaOH into the 
precursor solution and the absorption spectra were monitored as shown in Figure 6.3.  
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Figure 6.3 (a) UV-vis abposrtion spectra of the reaction solution of Mn-doped ZnO 
nanoparticles collected 60 seconds following every addition of 0.24 equivalence of 
NaOH. (b) Enlarged spectra for the wavelength region of 350 to 550 nm. 
 
Nucleation of ZnO nanocrystals occurred upon the addition of 0.72 equivalence of 
NaOH, which is indicated by the appearance of a ~ 330 nm broad peak. The 
absorption due to charge transfer from the ZnO valance band to the substitutional 
Mn2+ is expected to give rise to a very weak peak at ~ 420 nm.10 In the present 
experiment, this absorption peak was observed after the addition of 0.72 equivalence 
of NaOH (Figure 6.3b). Accompanying it, the solution changed from colorless to 
yellow. This observation shows that, at this stage of the reaction, incorporation of 
substitutional Mn2+ into the ZnO nanocrystals has occurred. 
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6.2.3 PL spectra of Co- and Mn-doped ZnO nanocrystals 
 
Figure 6.4 shows the PL spectra of Co- and Mn-doped ZnO nanoparticles together 
with undoped ZnO nanoparticles prepared similarly but without the addition of any 
dopant precursor. All three samples were treated by dodecylamine for the removal of 
surface-bound residual metal ions. Two emission features are observed in the PL 
spectrum of the undoped ZnO nanoparticles, i.e. a bandgap emission at ~ 375 nm and 
a surface trap emission at ~ 540 nm related to oxygen vacancies and defects11.  
 
Compared to undoped ZnO nanoparticles, the Co- and Mn-doped ZnO samples show 
a complete suppression of the defect emission, implying that the dopants may act as 
new traps. However, the emission due to 4T1  6A1 transition in Mn2+ is absent in this 
case, meaning this transition is inefficient probably due to a mismatch of the energy 
levels of ZnO and the dopants. In such a case, the dopants only act as a non-radiative 
decay pathway and emit no light. 
Chapter 6 
                                                                                             159 
 
Figure 6.4 PL emission spectra of ZnO nanoparticles (solid line), Co-doped ZnO 
nanoparticles (Co-L) (dashed line) and Mn-doped ZnO nanoparticles (Mn-L) (dotted 
line). Excitation wavelength: 310 nm. 
 
6.3  Local structures of dopants in Co- and Mn-doped ZnO nanocrystals 
 
6.3.1 XAFS results of Co-doped ZnO nanocrystals 
 
The Co K-edge XANES spectra of the as-prepared Co-doped samples (Co-H and 
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Co-L) and thermally-treated samples (Co-H400, Co-H800, Co-L400 and Co-L800) 
are shown in Figure 6.5. Three reference samples were also included, i.e. CoO, 
Co(OH)2, and Co3O4. In general, the XANES spectra exhibit three main features: the 
small pre-edge peak A, the main peak B, and the post-edge shoulder peak C. These 
features are labeled in Figure 6.5.  
 
Interpretations of K-edge XANES features for 3d transition metal oxides are well 
established.12,13 Typically, peak A is interpreted as a quadrupolar electronic transition 
from 1s to 3d final states hybridized with 4p character of the absorber. Its intensity is 
enhanced by the local atomic configuration that lacks centro-symmetry; therefore it is 
more significant in a tetrahedral coordination than in an octahedral environment. Peak 
B, on the other hand, arises from the dominant dipolar transition from 1s to 4p-related 
final states. Its intensity is lower in a tetrahedral coordination compared to that in an 
octahedral one. In compounds like Co(OH)2 and CoO, both of which have 
octahedrally coordinated Co2+, a higher peak B is observed in Co(OH)2 due to the 
larger backscattering capability of OH-. The shift of peak B also reflects the oxidation 
state of the absorber. In Co3O4, a largest overall shift of peak B to higher energy is 
observed, due to a higher Co oxidation state (+2.67) compared to +2 in CoO and 
Co(OH)2. The shoulder peak C arises mainly from the single photoelectron scattering 
path of the second metal shell around central metal absorbers. It shifts toward higher 
energy in CoO compared to Co(OH)2 because the separation of the Co-Co shell in 
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CoO is 3.02 Å, slightly shorter than that of Co(OH)2 (3.17 Å). 
 
 
Figure 6.5 Co K-edge XANES spectra of the as-prepared and thermally-treated 
Co-doped ZnO nanocrystals, together with reference samples CoO, Co(OH)2, and 
Co3O4. Three main features in the spectra are labeled as A, B, and C as discussed in 
the text. 
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In Figure 6.5, all doped samples show a +2 oxidation state as indicated by their 
similar peak B edge position to those of CoO and Co(OH)2. Among samples of each 
series, the as-prepared Co-doped ZnO nanoparticles have the highest peak B 
compared to the thermally treated ones, probably due to the incorporated hydroxyl 
groups as the case in Co(OH)2. Nanoparticles prepared by solution method are likely 
to incorporate hydroxyl groups and/or surfactant molecules at their surfaces. The 
corresponding metal-hydroxyl or metal-surfactant bonding can be a dominant 
component in nanoparticles XANES due to their large surface-to-volume ratio. After 
the samples were heated, peak B became lower and also shifted to a slightly higher 
energy. This change implies a dehydration process, during which the surface bonds 
were broken and precipitates with higher metallic oxidation states were formed. The 
intensity of the shoulder peak C remains almost unchanged but a slight shift toward 
higher energy is observed. 
 
Fourier transform (FT) of the EXAFS functions provides more information about the 
local geometrical structures around Co. Figure 6.6 compares the FT magnitudes of the 
as-prepared and thermally-treated Co-doped samples, together with reference samples 
Co(OH)2 and Co3O4. The sample labeled as Co-H800′ is specially prepared by 
directly heating the product to 800 °C without the dodecylamine treatment step. As a 
comparison, the FT for bulk ZnO was also plotted.  
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Figure 6.6 Fourier transform (FT) magnitude of the as-prepared and thermally-treated 
Co-doped ZnO nanocrystals, together with reference samples Co(OH)2 and Co3O4, as 
well as ZnO. Phase shift was not corrected. 
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The FT profiles in Figure 6.6 in general suggest that all the as-prepared and 
thermally-treated Co-doped samples have radial structure functions (RSF) similar to 
that of ZnO within the first three coordination shells. This clearly indicates that cobalt 
ions have largely substituted at the zinc sites in the wurtzite ZnO lattice. The FT 
profile of sample Co-H800′, on the other hand, displays a shift in the second 
coordination peak to lower R. This position is similar to the split peak of Co3O4 at 
2.0-3.5 Å, which arises from the next nearest Co-Co and Co-O neighbors. This 
similarity implies the formation of Co3O4 in Co-H800’, most likely due to the 
aggregation and precipitation of cobalt ions on the particle surface during thermal 
treatment. Similar results were reported by Lee et al.14 on ZnCoO polycrystalline 
samples prepared by the sol-gel method. Their XAFS showed that a Co3O4 phase was 
formed in samples when doping concentrations was higher than 5 mol%, and the 
proportion of Co3O4 increased with higher doping concentrations. Based on the above 
observation, it is concluded that heating in dodecylamine can remove the surface 
residual cobalt ions in an efficient way. 
 
In order to quantitatively interpret the trend observed in the FT profiles, the first and 
the second peaks were further fitted to Co-O and Co-Zn coordinations respectively. 
Theoretical phase-shift and backscattering amplitude were calculated from the 
Co-substituted ZnO model using FEFF6.15 The experimental and fitted FT magnitude 
spectra of the samples are presented in Figure 6.7. Table 6.2 presents the fitted results 
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for all samples, which lists the average coordination number (CN), bond length (R), 
and relative Debye-Waller factor (σ2) for the Co-O and Co-Zn coordinations. Table 
6.3 lists the radial structural parameters of the first two shells of the reference samples 
used in this study. It can be seen that the fitted results for the nanocrystals largely 
match the first two shells in the ZnO reference, indicating Co has a similar local 
configuration to Zn in ZnO. The RCo-O values in the as-prepared nanoparticles (Co-H 
and Co-L) are slightly longer than that of RZn-O in ZnO (1.96 Å), probably due to the 
small mismatch of Co2+ in the ZnO lattice. The RCo-O values in thermally-treated 
samples are expected to be shorter compared to the as-prepared ones, because the 
removal of surface capping layers by thermal treatment can induce a surface 
contraction of the particles. This trend was largely observed in Table 6.2, but the 
shortening was not obvious. 
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Figure 6.7 FT magnitude (open circles) of EXAFS functions of Co-doped ZnO (Co-L 
series) and data fit (solid lines) employing two coordinations: Co-O and Co-Zn. Phase 
shift was not corrected. 
 
Table 6.2 Fitted results of the Co-O and Co-Zn shells in the as-prepared and 
thermally-treated Co-doped ZnO nanocrystals.a 
 Co-O Co-Zn 
Co 
K-edge CN R (Å) σ
2 (Å2) CN R (Å) σ2 (Å2) 
Co-L 4.1 1.98 0.0064 7.7 3.21 0.007 
Co-L400 3.6 1.97 0.0074 14.7 3.21 0.014 
Co-L800 4.5 1.97 0.0082 14.4 3.20 0.011 
Co-H 3.9 1.99 0.0069 8.3 3.22 0.011 
Co-H400 3.8 1.98 0.0041 10.4 3.21 0.010 
Co-H800 3.7 1.97 0.0038 14.2 3.20 0.012 
a The CN, R (Å), and σ2 (Å2) are the coordination number, bond length, and 
Debye-Waller factor, respectively. The uncertainties for CN, R, and σ2 at the first shell 
are 10%, 0.02 Å, and 10%, respectively. 
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Table 6.3 Radial structures of reference compounds at the first and second 
coordination shells, which list the coordination number, ligand, and interatomic 
distance (Å, in brackets).a 
Compounds First shell Second shell Reference 
ZnO 4 O (1.96) 
6 Zn (3.21)  
1 O (3.22)  
6 Zn (3.25) 
16 
Co3O4 
4 O (1.99) 
12 Co (3.35)  
12 O (3.40) 
4 Co (3.50) 
17 
6 O (1.89) 
6 Co (2.86)  
2 O (3.26) 
6 Co (3.35) 
CoO 6 O (2.13) 12 Co (3.02) 18 
Co(OH)2 6 OH (2.10) 6 Co (3.17) 19 
a The two sets of structural parameters for Co3O4 are from the crystallographic 
sites A and B of inverse spinel structures. 
 
6.3.2 XAFS results of Mn-doped ZnO nanocrystals 
 
Figure 6.8 shows the Mn K-edge XANES spectra of the as-prepared Mn-doped ZnO 
samples (Mn-H and Mn-L) and thermally-treated samples (Mn-H400, Mn-H800, 
Mn-L400 and Mn-L800), together with reference samples Mn, MnO, Mn3O4, Mn2O3, 
and MnOOH. The reference samples show a consistent trend of chemical shift with 
increasing oxidation states from 0 in Mn to +3 in Mn2O3 and MnOOH. Similar to 
Co3O4, Mn3O4 has an inverse spinel structure (Table 6.5), and gives an average Mn 
oxidation state of +2.67.  
 
Although the sample preparation steps are largely similar, the Mn-doped ZnO 
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nanoparticles show very different results from those of the Co-doped samples. As 
shown in Figure 6.8, Mn in the as-prepared samples shows a +3 oxidation state, 
indicating that the Mn2+ from the starting bivalent acetate precursor has been oxidized. 
Upon heating to 400 °C, the XANES spectrum shifted to lower energy, implying a 
reduction product. This reduction of manganese valence from +3 to +2 suggests a 
charge transfer from ZnO matrix to Mn3+. It is known that in most cases ZnO exhibits 
a stable n-type semiconductor characteristic due to the excess interstitial Zn2+ or O2- 
vacancies, with the donor impurity bands located within the ZnO band gap. Activated 
by intermediate-temperature heating, these electrons may interact with the 3d bands of 
manganese, causing electrons to transfer from impurity bands to the Mn 3d orbitals. 
The samples heated to 800 °C show a peak edge shift between bivalent and trivalent 
oxides, indicating that further thermal treatment has induced a new oxidization. 
 
Chapter 6 
                                                                                             169 
 
Figure 6.8 Mn K-edge XANES spectra of the as-prepared and thermally-treated 
Mn-doped ZnO nanocrystals, together with reference samples Mn, MnO, Mn3O4, 
Mn2O3, and MnOOH. The main features in the spectra are labeled A, B, and C, as 
discussed in the text. 
 
The structural trends can be clearly seen by analyzing the FT data, as shown in Figure 
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6.9. The as-prepared Mn-H and Mn-L samples show a similar single Mn-O peak, and 
the fitted results listed in Table 6.4 indicate a shorter RMn-O (1.93 and 1.89 Å, 
respectively, for Mn-H and Mn-L) than RZn-O in ZnO (1.96 Å). It should be noted that 
the bond length RMn-O in manganese oxides is related to the valence of Mn, and the 
shorter RMn-O for the as-prepared samples agrees with a higher valence as derived in 
the XANES analysis. By comparing the second coordination shell distance in samples 
Mn-H and Mn-L to that of the reference samples, MnOOH is the most likely phase for 
the as-prepared samples. It has a much shorter second coordination distance at 2.4 Å 
and is very distinct from manganese oxides (Table 6.5). The much dampened second 
coordination peaks in the as-prepared samples are an indication that the trivalent 
manganese oxides are structurally dispersive and lack of long-range order.  
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Figure 6.9 FT magnitude of the experimental EXAFS functions of the as-prepared 
and thermally-treated Mn-doped ZnO nanocrystals, together with reference samples 
Mn2O3, Mn3O4, MnOOH, and bulk ZnO. Phase shift was not corrected. 
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Table 6.4 Fitted results of the Mn-O and Mn-Zn shells in the as-prepared and 
thermally-treated Mn-doped ZnO nanocrystals.a 
 Mn-O Mn-Zn 
Mn 
K-edge CN R (Å) σ
2 (Å2) CN R (Å) σ2 (Å2) 
Mn-L 5.5 1.89 0.0085 - - - 
Mn-L400 3.9 2.03 0.012 8.2 3.23 0.014 
Mn-L800 7.9 1.94 0.016 10.7 3.24 0.011 
Mn-H 3.4 1.93 0.0039 - - - 
Mn-H400 3.8 2.02 0.0093 11.8 3.21 0.019 
Mn-H800 5.2 1.97 0.0109 12.5 3.19 0.011 
a The CN, R (Å), and σ2 (Å2) are the coordination number, bond length, and 
Debye-Waller factor, respectively. The uncertainties for CN, R, and σ2 at the first shell 
are 10%, 0.02 Å, and 10%, respectively. 
 
Table 6.5 Radial structures of reference compounds at the first and second 
coordination shells, which list the coordination number, ligand, and interatomic 
distance (Å, in brackets).a 
Compounds First shell Second shell Reference 
ZnO 4 O (1.96) 
6 Zn (3.21) 
1 O (3.22) 
6 Zn (3.25) 
16 
MnO 6 O (2.22) 6 Mn (3.14) 20 
Mn3O4 
4 O (2.04) 8 Mn (3.43) 8 O (3.47) 
21 
4 O (1.93) 
2 O (2.28) 
2 Mn (2.88) 
4 Mn (3.12) 
4 Mn (3.43) 
2 O (3.54) 
Mn2O3 
6 O (1.99) 6 Mn (3.10) 18 
2 O (1.90), 
2 O (1.98), 
2 O (2.25) 
2 Mn (3.10) 
4 Mn (3.12) 22 
MnOOH 4 O (1.86-1.98) 
2 Mn (2.62) 
4 O (2.62-2.73) 
2 Mn (2.75-2.97) 
23 
a The two sets of structural parameters for Mn3O4 are from the crystallographic 
sites A and B of inverse spinel structures. Mn2O3 has two non-equivalent Mn 
crystallographic sites in the unit cell. 
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The formation of MnOOH can be attributed to the oxidation of the bivalent 
manganese dopants, probably during the aging process, considering the slightly basic 
pH (~ 8) in the reaction solution with plenty of hydroxyl groups surrounding. As 
noticed by Norberg et al. in a similar synthesis, the oxidation of Mn2+ to Mn3+ only 
occurs in the DMSO stock solution containing solely Mn(OAc)2·4H2O, but not in 
solutions where Zn(OAc)2·2H2O also presents. They found that during their synthesis, 
the Zn(OAc)2·2H2O precursor inhibited the oxidization of Mn2+ and allowed synthesis 
of high quality Mn2+-doped ZnO under aerobic conditions without the addition of any 
reductant to prohibit manganese oxidization. They explained this by a pH decrease 
caused by Zn2+. However, in the present case, the manganese in the early stages of the 
reaction had a +2 oxidation state and a configuration that substitutes Zn2+ (Figure 
6.3b), whereas after the reaction has proceeded, manganese in the final product 
largely showed a +3 oxidation state. This observation suggests that Mn doping in ZnO 
nanocrystals is very sensitive to reaction conditions and requires careful control of 
factors such as type of reactants and pH. On the other hand, if we compare Mn2+ to 
Co2+, the standard reduction potentials for Mn(OH)3  Mn(OH)2 (i.e. 0.1 eV) is 
lower than that of Co(OH)3  Co(OH)2 (i.e. 0.17 eV). This can explain why oxidation 
did not occur to Co2+ in the Co-doped system under similar conditions.  
 
Figure 6.9 also shows that, upon thermal treatment to 400 °C, the second and the third 
shell peaks in the FT profile of Mn-doped ZnO merge, and the RSF resembles that of 
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the ZnO bulk material. This change implies that besides reduction of the Mn3+, 
intermediate-temperature thermal treatment has also induced a diffusion of manganese 
into the zinc sites to form the substitutional dopants in the wurtzite lattice. The 
increase in RMn-O after the samples were heated at 400 °C (2.02 Å and 2.03 Å, 
respectively, for Mn-H400 and Mn-L400, Table 6.4) also supports the substitutional 
doping structure. The RMn-O values are larger than those of ZnO (1.96 Å) or Co-doped 
ZnO (1.97-1.98 Å) due to the larger Mn2+ ionic radius (0.66 Å) compared to those of 
Zn2+ (0.60 Å) or Co2+ (0.58 Å). When heated at 800 °C, fitted results for the 
Mn-H800 and Mn-L800 samples (Table 6.4) reveal larger CN at the Mn-O shell and 
intermediate RMn-O bond lengths, indicating that manganese oxides with higher 
valences have been formed again.  
 
6.4  Summary 
 
In summary, Co- and Mn-doped ZnO nanocrystal were prepared using the same wet 
chemical approach. Based on the analysis of the optical and XAFS measurement data, 
it is concluded that in Co-doped ZnO nanocrystals, Co2+ was substitutionally 
incorporated into the ZnO crystal lattice during the crystal growth. Such a 
substitutional structure is stable against thermal treatment up to 800 °C. On the other 
hand, Mn in ZnO showed a +3 oxidation state in the as-prepared samples. Upon 
400 °C thermal treatment, Mn3+ was reduced to Mn2+ and diffused into the Zn2+ sites 
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of ZnO. The different results of Co- and Mn-doping indicate that doping process is 
greatly affected by ion stability, despite of their similar ionic radii. Finally, XAFS has 
been demonstrated to be a powerful tool for the microstructural characterization of 
doped nanomaterials. 
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Chapter 7  
Conclusions and Outlook 
 
In this thesis, the synthesis and study of several important optically-active 
nanomaterials were presented. 
 
In Chapter 3 and 4, I described the synthesis of a series of ZnS-related nanostructures 
based on the decomposition of a [(2,2’-bpy)Zn(SC{O}Ph)2] precursor. The precursor, 
being air-stable and easy to prepare, served as a convenient starting material for the 
synthesis of zinc sulfide nanoparticles. Using this precursor, hexagonal wurtzite ZnS 
nanocrystals of rod shapes were obtained in a pure HDA medium of high [HAD] to 
[precursor] ratio, while cubic sphalerite nanocrystals of spherical shapes were 
obtained by adding non-coordinating (ODE) or stabilizing (TOP) solvents. Doping of 
the above mentioned ZnS nanoparticles were realized by the addition of MnCl2·4H2O 
into the reaction solution. The same precursor was also used to produce ZnS-coated 
core/shell nanoparticles with different shell thicknesses.  
 
The above results not only demonstrated a case of successful preparation of ZnS 
nanoparticles of different sizes, shapes, and crystal phases using the same precursor, 
but also provided some insights in guiding the size- and shape-controlled synthesis of 
nanoparticles. It has been shown that factors such as the precursor reactivity, reaction 
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rate, and monomer concentration can all affect the particle nucleation and/or growth. 
By understanding the roles of these factors, one will be able to control the size and 
shape of nanocrystals in a more predictable manner. The methodology developed in 
these chapters also provides an alternative route for preparing high-quality ZnS-based 
nanomaterials in a convenient way as compared to the other reports in the literature.   
 
The nanoparticles reported in Chapters 3 and 4 presented a good system for the 
optical study of ZnS and their doped counterparts. The tunable sizes and shapes of 
these nanoparticles, as well as the consistency in the synthetic methodology, allowed 
us to investigate the PL process in both ZnS and Mn2+-doped ZnS nanoparticles in a 
systematic manner. Optical studies of these ZnS-based nanoparticles came to the 
following conclusions: 
 
(1)  The bandgap emission of ZnS dominated the emission profiles of the ZnS 
nanoparticles. This emission shifted with particle size in agreement to quantum 
confinement effect. 
(2)  With Mn2+ doping, a prominent emission peak due to Mn2+ appeared at 580-590 
nm. The intensity of this emission peak varied with the Mn2+ mol%. When the 
Mn2+ mol% was higher (~ 8 mol%), concentration quenching occurred due to 
the formation of Mn-Mn clusters.  
(3) The lifetime of the Mn2+ dopant emission was confirmed to be in the 
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millisecond regime, with lifetimes of ~0.5-0.8 ms and ~2.4-3.3 ms 
corresponding to those of the surface- and lattice- bound Mn2+ ions respectively. 
The co-existing nanosecond lifetime component was clarified to be from the 
defect emission of the ZnS host. 
(4)  Mn2+ ions in ZnS:Mn nanoparticles appeared to be rich at the nanoparticle 
surface. Coating ZnS:Mn nanoparticles with a layer of ZnS shell embedded the 
surface Mn2+ ions and thus enhanced the Mn2+ emission. The lifetime of the 
Mn2+ emission also changed upon shell coating, with a larger contribution from 
the longer lifetime component due to lattice-doped Mn2+. 
 
There are still some unclear mechanisms behind the emissions of the above mentioned 
materials. For example, the exact energy levels involved in the non-radiative decay in 
the ZnS and ZnS:Mn nanoparticles have not been accurately determined. The 
spin-related energy transfer from the ZnS host to Mn2+ and the spin flip involved in 
the exciton recombination via 4T16A1 transition at the Mn2+ sites also require further 
studies. The understanding of these phenomena will enrich our knowledge on the 
optical behaviors of semiconductor nanoparticles, and may allow us to further 
improve the emission efficiency in these materials. 
 
In Chapter 5 and 6, I presented interesting new observations in two widely-studied 
systems. Chapter 5 reported the investigation of the size-doubling phenomenon in the 
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refluxing mixture of water-soluble CdS nanoparticles. Our hypothesis of particles 
combination (or dimerization) was supported by particle size estimation based on 
UV-vis absorption, TEM and XRD, together with the calculation of particle growth 
kinetics. I also studied the optical properties of both the smaller and larger CdS 
nanoparticles, confirming that the emission behaviors of different sized particles 
varied due to their different crystallinity and surface properties. Such size-dependent 
emission behavior was also reflected in the time-resolved PL measurement, i.e. the 
larger CdS nanocrystals had shorter excited state lifetimes as compared to their 
smaller counterparts.  
 
Chapter 6 reported the synthesis and study of Co- and Mn-doped ZnO nanoparticles. 
Optical spectra and XAFS data revealed different doping behaviors between these two 
materials. In Co-doped ZnO nanocrystals, Co2+ was substitutionally incorporated into 
the ZnO crystal lattice during crystal growth and was stable against thermal treatment 
up to 800 °C. On the other hand, Mn in ZnO showed a +3 oxidation state in the 
as-prepared samples. Upon 400 °C thermal treatment, Mn3+ was reduced to Mn2+ due 
to charge transfer from ZnO and occurrence of diffusion into the Zn2+ sites. When 
heated at 800 °C, further oxidation occurred and manganese oxides with higher 
oxidation states were formed again.  
 
The unusual size-doubling phenomenon in Chapter 5 and the unexpected difference 
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between the two similar dopants (both Co and Mn are transition metal elements) in 
Chapter 6 revealed the complexity of nanoparticle formation and growth in solutions. 
Many processes, such as particle combination or oxidation, can occur besides the 
evolution of size, shape and crystal structure. Careful observation of these processes 
and correct interpretation of experimental data is important for more in-depth 
understanding of nanoparticle formation. Different techniques should be combined to 
characterize the system, as shown in Chapter 5 and 6, since they complement each 
other from different approaches. 
  
To look forward from this thesis, my continuous interest will be in the precisely 
controlled fabrication of new optically active nanomaterials. These materials can be 
nanoparticles with multiple emitting dopants, e.g. Mn2+ together with rare earth ions. 
They may emit at different wavelengths spontaneously, or with one dopant’s emission 
greatly enhanced by another due to sensitizing effect from their matching energy 
levels. These multiple emitting dopants can also be incorporated with nanoparticles 
with multiple-shell structures, in which each shell can either act as a host material, or 
serve as surface passivation. In both cases, the location of the dopants should be well 
controlled, and the size and shape of the nanoparticles should be highly reproducible. 
The ultimate goal in this direction is to gain a better understanding of these 
light-emitting nanoparticles, to improve their performance, and to make them useful 
for practical applications. 
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Appendix A  Surface Elemental Molar Ratio in ZnS:Mn and 
ZnS:Mn/ZnS Core/shell Nanoparticles Determined by XPS  
 

































637.4 852.8 97.2% 
1018.5 26445.9 
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Appendix B  PL QY of ZnS:Mn, ZnS:Mn/(0.4 nm)ZnS and 
ZnS:Mn/(0.7 nm)ZnS Core/shell Nanoparticles 
 
 
 Gradient η QY (%) 
Quinine Sulfate 1.40794E11 1.3330 54.6 
ZnS:Mn 5.30993E9 1.3749 2.2 
ZnS:Mn/(0.4 nm)ZnS 9.3775E9 1.3749 3.9 
ZnS:Mn/(0.7 nm)ZnS 8.64215E9 1.3749 3.6 
 
